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A range of oi]Jnon-ionic surfactant mixtures were allowed
to 'self-emulsify' in aqueous media under conditions of
controlled low agitation. In each case the ease of
emulsification was assessed by measuring the speed at
which emulsification took place and by determining the mean
particle sizes of resultant emulsions.
Ease of emusifjcation was not related to densities or
viscosities of oil/surfactant mixtures but was closely
related to phase behaviour of oil/surfactant/water mixtures
at equilibrium prior to emulsification. Good emulsification
took place when corresponding phase behaviour was close
to that of a critical region at which phase inversion
would occur. The presence of liquid crystalline 'surfactant
phase' in this locality was also of critical importance.
The effects of the following factors on the ease of
'self-emulsification' were examined; the self-emulsifying
mixture composition (surfactant concentration, surfactant
composition, oil identity, moisture content and the
presence of dissolved substances), the aqueous phase
composition and the temperature. The results were correlated
with corresponding changes in phase behaviour at equilibriums
The biological absorption of benzoic acid from various
formulations administered orally was measured using six
volunteers. Variation between formulations was not
significantly higher than variation within formulation
--.
groups suggesting that the rate and extent of benzoic
acid absorption was not affected significantly by formulation
in a 'self-emulsifying' vehicle.
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1.1. ORIGIN AND AIMS OF THE PRESENT STUDY
It is widely accepted that the rate of gastro-intestinal
absorption of many drugs from Solid dosage forms may be
limited by the dissolution process 	 Indeed modification
of dissolution rate may be of value in the formulation of
'slow-release' products 5 . However poor dissolution of
lipophilic drugs may result in undesirable incomplete or
variable absorption leading to vagaries in theraputic
efficacy6
 .For such drugs absorption may be improved if
the dissolution step is by-passed7 . Presentation of
lipophiles in oil solution may enhance absorption
although it is generally accepted that the drug must diffuse
into the aqueous gastro-intestinal contents before diffusing
across the mucosal membrane. The mechanism of systemic
absorption from oil solutions is obscure. Some authors have
reported that the mere presence of oil in the gastro-
intestinal tract has enhanced absorption of lipophiles81.
In other studies certain drugs formulated as suspensions
in oil were more efficiently absorbed than they were from
corresponding aqueous or solid dispersions 12 '5 . One might
expect that if a solution of a drug in oil was emulsified
in water the resulting increase in interfacial area would
enhance absorption by increasing the rate of diffusion
from oil to aqueous phase. Some papers have suggested that
this can occur in practice when drug is dissolved or
suspended in oil116 . Several other authors have described
increases in absorption of lipophiles from emulsion
formulations'722 . The mechanism of enhanced absorption
- '18 -
from emulsion formulations is as uncertain as that of
absorption from oil solutions0 Co-administration of sur-
factant materials has been shown to affect absorption from
solid dosage forms. Various effects of surfactants have
been reviewed by Gibaldi and Feldman23_2l. Surfactants
are capable of interfering with the integrity of the
mucosal inembrane2528
 as well as interacting with drug
formulations. Oils have been shown to alter gastric
emptying rate13 ' 30 ' 31 . Digestion of the oil appears to be
significant in connection with the latter phenomenon and
with drug absorption from oi1s3233 . Therefore a great
variety of factors may influence absorption from emulsions.
In a recent review S.S. Davis described the use of
emulsions as vehicles for oral administration of drugs
and concluded that, in certain circumstances, emulsions
have advantages over conventional dosage forms. Emulsions
may reduce gastric irritation of certain drugs, simplify
problems of taste-masking or problems caused by chemical
instability of drug molecules in aqueous media. Gastro-
intestinal digestion of large molecules such as insulin
or heparin may be reduced3537 . However emulsions are
rarely used for oral preparations in practice due to
difficulties in formulating physically stable systems.
Many commonly used herbicides have low solubilities in
water38 . Concentrated aqueous solutions or solubilized
systems cannot be prepared with such herbicides 39
 and
transportation of working solutions in bulk is impractical.
Therefore lipophilic herbicides are dissolved in organic
- 19 -
solvents (xylene or trimethylbenzenes) including surfactants
to produce 'self-emulsifying' formulations • These
'emulsifiable concentrates' can be dispersed easily in
local water prior to crop spraying.
It was considered that a similar pharmaceutical
vehicle might be prepared which, when placed in soft
gelatin capsule, would subsequently emulsify within the
gastric contents. Such a formulation would present a
lipophilic drug in oily solution with a large interfacial
area across which diffusion could take place. It was
proposed that a 'self-emulsifying' vehicle may increase
the rate and/or extent of absorption of a poorly water
soluble drug. The aims of the present study were to
attempt to formulate an efficiently emulsifying formula-
tion with pharmaceutically acceptable materials; to
develop objective methods of comparing dispersion properties
of self-emulsifying formulations; to determine which
physical properties affect dispersion properties and
to carry out preliminary biological studies designed to
assess whether such a formulation has potential practical
merits.
- 20 -
1.2, SELECTION OF MATERIALS
It was considered that an ideal 'self-emulsifying'
vehicle would have the following characteristiess
1. The vehicle would comprise inexpensive, readily
available materials which were well tolerated
orally and would not result in toxicity following
chronic administration.
2. The mixture would be a clear, monophasic liquid
at ambient temperatures in order to avoid physical
instability during storage and to facilitate mixing
and encapsulation.
3. The vehicle wouldhave good solvent properties
which would allow presentation of drug substances
in solution.
11. The formulation would be inert with respect to the
soft gelatin capsule.
Generally 'self-emulsifying' formulations consit of one
or more surfactant(s) dissolved in an oily solvent. There
are few surfactants which are considered acceptable for
oral ingestion. Non-ionic surfactants are thought to be
more appropriate than ionic materials; certain non-ionic
materials have been approved for use in food and oral
pharmaceutical products. The selection of oils was
also restricted. The organic solvents used in herbicidal
self-emulsifying formulations are highly toxic and
unsuitable for oral ingestion.
- 21 -
Initially a series of commonly used non-ionic materials
based on esters of sorbitan were selected as acceptable
surfactants. Self-emulsification efficiencies of mixtures
of the latter surfactants with acceptable oils (vegetable
oils, liquid paraffin) were screened by a subjective method*.
Oxyethylenated surfactants based on oleate esters of
sorbitan, comparatively fluid due to the unsaturated
oleate chains, appeared to be the most useful surfactants.
On the basis of ease of emulsification the triglyceride
oils appeared to be more suitable than liquid paraffin.
In addition the triglycerides had higher solvent capacity
than liquid paraffin. The fluid, medium chain triglyceride
oil, Miglyol 812, in combination with polyoxyethylene-
20-sorbitan trioleate (Tween 85) was the system of choice.
Previous workers have suggested that self-emulsifying
systems are best formulated using a combination of an
hydrophilic and a lipophilic surfactant42. Sorbitan
trioleate (Span 85) was selected as a suitable lipophilic
surfactarit; the combination lVliglyol 812/Tween 85/Span 85
was proposed as a model system. Certain related surfactants
and oils were selected for comparison with the above model.
* The method used was a modification o that adopted for
assessment of pesticide formulations. One millilitre
of monophasic oi]/surfactant mixture was lowered onto
the surface of 99rn1 distilled water contained in a
stoppered, glass lOOmi measuring cylinder. Groups of
cylinders were rocked gently using an automated device
for one minute, Resultant emulsions were then awarded
an appropriate score on the basis of their visual appearance.
- 22 -
13. SCOPE OF PHYSICAL RESEARCH
The efficiency of emulsification of oi]/surfactant
mixtures in aqueous media has been characterized by two
measurements; the rate of emulsification in a stirred
cell and the particle size of the resultant emulsion at
equilibrium.
By measuring the emulsification properties of a wide
range of oil/surfactant mixtures in distilled water it
was possible to assess the importance, to emulsification,
of the various factors listed below.
1. Viscosity of the oi]/surfactant mixture
2. Density of the oi]Jsurfactant mixture
3. Hydrophile-lipophile balance of the surfactant component
i. Concentration of the surfactant component
5. Identity and nature of the oil component
Initially the effects of mixture composition on emulsi-
fication of Mglyol812/Tween 85/Span 85 mixtures in
distilled water at 25°C were examined. The influence of
temperature was also studied. Subsequently the surfac-tarit
component was varied by substituting a more hydrophilic
material, Tween 80, for Tween 85. In turn the importance
of the oil component was examined by substituting a series
of related materials for Miglyol 812. The oils were
selected to give a range of densities, viscosities arid
- 23 -
polarities.
Returning to the properties of the model system, the
effects of moisture content and drugs dissolved within
the vehicle were studied. These experiments provided
useful information, indicating the likely mechanism of
efficient self-emulsification. Finally the influence
of ionic species present in the aqueous phase was
examined.
Studies of oi]/surfactant/water phase behaviour were
undertaken corresponding to the range of emulsification
experiments
— 24- —
i.k. BIOPHARMACEUTICAL CONSIDERATIONS AND sco:
,- • I ,c'cc' y Trn CmT,r,
Two parameters can be used to describe the efficiency of
absorption from the gastro-intestinal tract. These are the
rate at which a drug is absorbed and the extent of
absorption in relation to the amount initially available
for absorption. Neither parameter is directly related to
the therapth efficacy of a particular medicament but
they are indicative of the availability of a drug for
distribution throughout the body. A measure of the
absorption process can be obtained by determining drug
concentration in the circulating plasma, at various times
after drug administration. However, rapid metabolism in
the liver ('first-pass' effects) may distort results
and a major disadvantage is the inconvenience of sampling
plasma repetitively. Examination of urinary excretion of
drug and/or metabolites has also been used to measure the
extent of absorption. However for most drugs elimination
(metabolism and excretion) is a slow process in comparison
with absorption. In such cases one cannot study absorption
rate by examining urine contents.
Present biopharmaceutical experiments were restricted
to examination of' urine contents.
For the purpose of evaluating absorption from self-
emulsifying vehicles there seemed to be two salient
experiments. The first is to select a drug which is
- 25 -
eliminated rapidly in order to observe any changes in the
absorption rate. (It was accepted that such a drug model
would probably be comparatively well absorbed from most
formulations). Secondly one could select a drug which
is known to be poorly absorbed and compare the extent
of absorption by determining the total amount of drug
and/or metabolites appearing in the urine. A version of
the former experiment has been conducted during the
current project.
Benzoic acid was selected as a suitable model drug.
The metabolism of benzoic acid is simple and well
documented. Its elimination is rapid. It has been used
previously, in doses commonly up to 5g, as liver and
kidney function tests for the above reasons	 . The
drug also has appreciably higher affinity for non-polar
solvents than it has for water and as such is representa-
tive of drug materials which may benefit from formulation
in self-emulsifying mixtures.
Benzojc acid is excreted totally in the urine, primarily
as the glycine conjugate (hippuric acid) 6 . In low
doses, of up to 2g, 95-100% of the dose has been recovered














The abreviations represent adenosine triphospha-te and
coenzyine A.
Production of glycine seems to be stimulated by the
presence of benzoic acidk7 and the natural pool can be
saturated after high doses (above 2g) of benzoic acidk6.
Amsel and Levy 6
 showed that simultaneous administration
of glycine increases the elimination rate after a $g dose
of benzoic acid. However at low doses the glycine pool is
not saturated arid the glycine conjugation is not a rate
limiting process. Wu and Elliott showed that the rate
of elimination of hippuric acid after 2g benzoic acid
was not significantly different -to that after the
administration of the equivalent amount of hippuric acid.
After larger doses of benzoic acid a greater proportion
is excreted as unchanged drug or as benzoyl glucuronideh136.
- 27 -
Wu and Elliott determined that the conjugation and subse-
quent excretion of Benzoic acid as hippuric acid had
first order kineticswith rate constants as follows
rate of hippuric acid synthesis K5 = 10.5hr1
rate of hippuric acid excretion Ke	 2.7hr1
During the work of Amsel and Levy 46 the excretion rate
constant was found to be Ke = 1.4hr 1
 although the figure
quoted by Wu and Elliott is based on a substantially
greater volume of research.
The dose of benzoic acid used during the current research
was 250mg. For such low doses the distribution of drug
and its metabolites can be represented by the figure
below. The absorption process and the hippuric acid
























The elimination of benzoic acid following administration
in three different formulations has been studied using
six healthy, male volunteers. Two additional formulations
were studied using three of the volunteers.
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CHAPTER TWO
EMULSIFICATION and NON-IONIC STJRFACTANTS
-	 -
2.1. CONVENTIONAL EMULSIFICATION
Emulsification is governed by two competing processes;
the disruption of a bulk fluid to form finely dispersed
droplets and the coalescence of these droplets to reform
the bulk fluid. Emulsions are thermodynamically unstable
but may be highly kinetically stable (or metastable)
in which case coalescence takes place slowly. The
formation of an emulsion can be regarded as three distinct
processes a) the formation of slicks; b) their break up
into individual droplets; c) the separation of the droplets
to form a homogeneous dispersion 8 . Demulsification is
the result of a series of reverse stepss a) creaming,
which may or may not occur; b) flocculation and c)
coalescerice.The theory of emulsion stabilization arid kinetics
of the coalescence process is well developed, not least
because coalescence takes place relatively slowly and
can be studied easily. In contrast the theory of
emulsion formation is less certain. One reason for this
is the variety of equipment used for emulsification. For
a cosmetic or pharmaceutical cream (when interfacial
tension is not extremely low) the theoretical work
required to form an emulsion is approximated by equation 2.1.
G form	 'y.LA	 y.Z17rr2.N	 ....(2.1.)
where 'y is the interfacial tension between the two phases,
A the interfacia]. area andN the number of particles of
mean radius r.
-	 -
In practice the work required to form the emulsion
may be 1,000 times greater than G form due to work
spent mixing the fluids and lost in the form of heat.
Consequently the course of the emulsification process
depends heavily on the particular method employed and
the conditions used. In order to promote emulsification
in practice conditions of high shear are employed and
homogenisers typically include baffles to encourage
turbulent flow.
Studies concerned with emulsification have fallen
broadly into two categories. Firstly an empirical
approach to practical emulsification aiming to optimise
the efficiency of mixing equipment. Secondly the study
of the deformation and rupture of bulk fluids in
conditions of specialised, simplified flow. A brief
description of the conclusions of this work follows;
Becher and Gopal5° have reviewed research in more
detail.
- 32 -
2.2. MODEL STUDIES OF EMULSIFICATION
Ultrasonic emulsification has been explained by
disruption of interfaces due to compression and
stretching of liquids and seems to be linked with cavita-
tion within the continuous phase9_5h. The effect of
ultrasonic frequency on emulsification is complex;
certain frequencies promote demulsification. However
if a single frequency and intensity is used the effect
is consistent. For this reason ultrasonic methods
have been used to verify calculations of emulsion growth.
Some authors have represented the emulsification process
by equation 2.2.
=	 BJ	
- A.Nt2 . . . . . . . . . . (2 .2 . )
This equation includes terms relating dispersion and
coalescence5253; Nt is the number of particles at time
t and A arid B are rate constants. The equation describes
a process which reaches a limiting particle number
(and therefore particle size) which has been shown to
occur widely in practice. Data for ultrasonic emulsifica-
tion fitted the model and this has inspired a recent
study by Tsukiyama and co-workers on emulsification
using a Rushton-type impellar mixer 1 . Other authors
have considered that Equation 2.2 is too simplistic to
represent emulsification by a process oi' high mechanical
shear'8.
-	 -
Hydrodynamic interfacial instability can be classified
into four main types 5° which are fundamental to emulsifi-
cation. Each type has characteristic features brought
about by certain conditions and has been studied in
detail. In conditions of turbulent flow, common to
emulsification processes, all types of hydrodynaniic
instability are operative. In conditions of specialised
flow one type of instability may be prevalent although
the classes of instability are inter-related.
Liquid jets are generally unstable due to varicose
deformations of the interface which cause sinusoidal
perturbations of the radius of a cyclindrincal
jet. The result can be break up of the jet into a line
of droplets55 (figure 2.1.).
When one liquid is injected into another immiscible
liquid from a narrow orifice the relative velocity of
flow is extremely important. Break up of the jet is
controlled by inertial and viscous forces. A critical
velocity has been described by Richardson 6 above which
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Where D is the nozzle diameter, d and '7d are the
density and viscosity of the dispersed phase and yis




The break-up of liquid jets.
Varicose deformations (A) are amplified (B)
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been examined as a function of mean size of resultant
particies558 . Generally particle size decreased with
increasing velocity of jet flow, decrease in interfacial
tension, increase in the density difference ( Pc - Pd),
decrease in continuous phase viscosity and decrease in
nozzle diameter.
Rumscheitd and Mason have examined deformation and
rupture of droplets in laminar flows 59 . A droplet bursts
when the pressure drop across the interface due to shearing
is greater than the interfacial tension. The viscosities
of the dispersed and continuous phases are of great
importance to the mode of droplet deformation as demonstrated
by photographs59 . In conditions of plane flow droplets
deform to prolate or oblate spheroids60 although as soon
as flow becomes turbulent the deformations become irregular.
These properties are likely to be important to the later
stages of emulsification whereas the break-up of threads
may be more relevant to the initial stages of emulsifica-
tion.
Practical emulsification occurs in turbulent conditions
although studies using simple mixers have shown that the
effects of physical properties in practice are similar to
those described in fundamental studies. Roger, Trice
and Rushton6l have examined the effect of agitation on
interfacial area for a wide variety of emulsions formed
by an impeller in various cylindrical tanks • Data was
correlated empirically. Increase in the density difference
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(Pc - PdIcaused an exponential increase in interfacial
area and an attempt was made to correlate the effect of
agitation in terms of the Weber number s D 3. Vj . PCI7
where D1
 and	 are the impeller diameter and speed
respectively and-yis the interfacial tension. Several
other studies Using mixers or homogenisers have yielded
similar resuits62_65, The net effect of viscosities of
the continuous ('lc) and dispersed ('ld) phases is complex.
Calculations suggest that increase in "d,/ 1c should retard
emulsification. In fact this does not always occur.
Increase in d may hinder coalescence in some cases
compensating for less efficient break-up of droplets.
The majority of the hydrodynatnic instability studies
mentioned above have been carried out on simple mixtures
of two iinxniscUfe liquids (some of the impeller or
honiogenisation experiments involved surfactants in small
quantities). Whilst these studies have provided useful
information with regard to emulsification, in some cases
appropriate use of surfactants to lower interfacial tension
may overwhelm the effects of the other physical properties
described above. Surfactants are strongly adsorbed at
oil/water interfaces and lower the interfacial tension
as given by the Gibbs adsorption isotherms
= r.RT.&og5 a	 .........(2.11,)
where Pis the surface excess (amount adsorbed per unit
area), a is the activity of the solute in the bulk phase,
R and T are the Gas constant and temperature (°K).
The case of extremely low interfacial tension is discussed
in the next section.
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2.3. SPONTANEOUS EMULSIFICATION
Reports of spontaneous emulsificati.on have appeared in the
literature, sporadically, since the late 19th century.
Reading through earlier work one is aonscious of the
wide range of mixtures of materials which are grouped
together under the heading, 'spontaneously emulsifying'.
Explanation of these phenomena has not been easy,
largely because the dominating mechanisms depend on the
particular materials described in each case.
The earliest reports of spontaneous emulsification66
were explained by Quincke 6 , who suggested that the
interfacial instability, manifested by kicking and
streaming of emulsion droplets from the interface, was due
to uneven adsorption of solutes at the interface. Local
reductions in interfacial tension caused violent spreading
and interfacial turbulence resulting in emulsification.
This effect may explain some types of spontaneous
emulsification; that which occurs when materials are
impure or as in the case of Gad's work 66, when soap
is formed in situ at the oiilwater interface. T1ore
recently Sternling and Scriven68 and other authors 6
 have
discussed the role of interfacial turbulence mathematically
in efforts to explain the effects o± adsorbed solutes
on the hydrodynamic stability of interfaces.
Interfacial turbulence however is not essential during
spontaneous emulsification7073 " The study of McBain and
- 38 -
Woo 72 illustrates this point. Emulsification took place
gradually when mixtures of methanol and toluene
were layered gently on to water0 The droplets appeared
in either the water or oil phase depending on the
concentration of methanol dissolved in the toluene
No turbulence was observed during the emulsification.
Such behaviour is explained by molecular diffusion of
one or more components across the interface and is
typical of mixturwhich are 'partially miscible'1.
In the case of the toluene/water/inethanol mixtures,
methanol acted as a co-solvent for toluene and water.
Molecular diffusion of to].uene and methanol occurre4
across the interface and, after the mixture became
saturated with water, toluene was liberated as
emulsion droplets. This is a common (but specialised) form
of spontaneous emulsification.
Other examples of spontaneous emulsification were not
so easily explained7579 although in most cases low
interfacial tension seemed an important prerequisite
and (by refering to equation 2.1) Stackelburg8° proposed
that "negative interfacial tension" might explain his
observations.
J.T. Davies and co-workers 882
 attempted to co((€tt
the available observations and suggested that there were
three main mechanisms by which spontaneous emulsification
could take place, although these were not mutually
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exclusive; interfacial turbulence, diffusion and
stranding and negative interfacial tension. Other
authors885
 were sceptical about the concept of negative
interfacial tension and indeed it is now widely accepted
that it is unnecessary to postulate negative interfacial
tension, although some authors continue to do 86_88.
Certainly a low value of interfacial tension is
necessary for spontaneous emulsification whether
facilitated by adsorption of surfactant at the interface
or by mass transfer (which is of continuing importance89_91).
But postulation of negative interfacial tension is to
simplify the forces involved in emulsification92.
The dispersion of droplets represents an entropy gain due
to increased translational degrees of freedom. Thus
the free energy of emulsion formation is more correctly
given bys
AG form. =	 -y.A - T.Sdisp.	 ........(2.5)
where iA is the change in interfacial area resulting
from the formation of the emulsion and Sdisp. is the
entropy gain in the system resulting from the dispersion
of the droplets.
For large droplets when there is a large density difference
between the continuous and dispersed phases work will also
also be required to disperse the droplets; to overcome the
external gravitational forces (L.}idisp). In this case:
Gfortn.
-kO--
=	 7 .&	 + iHdisp. T4Sdisp.	 ....(2.6)
It would seem that there is a critical value of 	 (ycrit.),
below which true spontaneous emulsification takes place18;
below 'ycrit the value of LGform. is negative. Therefore
a negative value ofyis not necessary for spontaneous
emulsification. (Rosano has noted that if 'ywere ^O then
one would not expect formation of spherical emulsion
droplets 93 ). Reiss has presented theoretical calculations
which arrive at an equation describing the value of - T..Sdisp
allowing prediction of values of 'ycrit




K'	 =	 loge	 p	 .(-;;:-). ( i -q5).exp 2(1_)2Jj logAN + 1
[3q5(-2) 1
Where N is the number of particles of dispersed phase
each containing n molecules, V is the total volume o± the
two liquid phases, v is the molecular volume of the dispersed
phase and is the volume fraction of the dispersed phase.
Using Reiss' calculations the value of ycrit for a
typical oi]/water/surfactant system is below 1 mIJm1
and probably of the order io_io.2 xnNm. This would
explain the difficulty past authors have experienced
when trying to determine values of interfacial tension for
spontaneously emulsi'ying mixtures; all available
techniques are insensitive to such small valies.
One important implication of Reiss' theory is that sponta-
neous emulsification is a dynamic process. Therefore the
value ofymay be transiently lower than 'ycrit but may
become larger than ycrit at a certain point during
the process. Perhaps co-surfactant may cease to cross
the interface, or adsorbed surfactant could become
depleted. At either point if y>'ycrit then emulsification
would cease. Thus the theory does not imply that emulsifi-
cation should continue until all of the dispersed phase
is emulsified as fine droplets95.
One can imagine that when y is slightly higher than ycrit,
emulsification would take place-easily although not
truly spontaneously. 'Self-emulsifying' formulations need
not be spontaneously emulsifying, as mentioned in chapter 1.
For conventional oi]/water/surfactant mixtures (in the
absence of a co-solvent) the lowering of y to reach ycrit
often depends on adsorption of the surfactant at the
oil/water interface. In recent years spontaneous
emulsification has been linked with the formation of
mesomnorphic phases at the interface 2 1 96-98, Such
interfacial phenomena may be an important way of reducing
y to low values for certain materials, although at present
these suggestions are speculative.
24. SOJVIE PROPERTIES OF NON-IONIC SURFACTANTS
Molecules which contain hydrocarbon chains and also
aliphatic hydroxyl groups may be polyoxyethylenated to
give a wide variety of ainphiphilic materials collectively
known as non-ionic surfactants.
R'	 X	 OH 
------3 R'— X - (OCH2CH2 ) - OH
Whilst their molecular structures may vary considerably
their general properties are similar, due to the fact
that their lipophilic and hydrophilic moieties are,
essentially, the same. The amphiphilic character of
each material is governed by respective affinities
for oil and water. An arbitrary gauge, the hydrophile-
lipophile balance (HIB), was conceived by Griffin99°°
and is widely used as a guide to amphiphilic character101.
Oxyethylenation is a polymerization process which therefore
results in a mixture of molecules of varying oxyethylene
content. Industrial surfactarits are just such mixtures.
Certain authors have produced comparatively pure materials
for research purposes by molecular distillation or
solvent extraction102 . Generally industrial surfactants
have similar properties to materials of narrow molecular
weight ranges. However boundaries between phase changes are
less sharp in mixtures containing industrial surfactants103.
The hydrophilie moieties of many non-ionic surfactants
are provided by oxyethylene chains which have a high
affinity for water0 The dipoles of the ether bridges within
the oxyethylene chains are able to form hydrogen bonds
with the dipoles of water moiecuies1_106 although
this does not fully explain the miscibility of water and
polyoxyehy1ene. The closely related polymers polyoxymethy-
lerie and olyoxypropylene are poorly soluble in water107.
One might expect that polyoxymethylene would have greater
hydrophilic character than polyoxyethylene. The reason for
this anomaly is not clear, although the structuring of
water may be important. Polyoxyethylene chains in aqueous
solution exist in a helical conformation with seven
(CH2CH20)- groups per helix revoiutionl08. In this
conformation the distance between oxygen atoms (0.277nm)
is exactly the same as the oxygen-oxygen distance in the
tetrahedrically bonded wurtzite structure of water.
Therefore there may be a relationship between the long
range order of water structure and solubility of polyo-
xyethylene109 . In solution chains usually conform to a
compressed 'meander' cDnfiguration when above nine units
in length. An extended 'zig-zag' configuration is formed
by short chains110111 (figure 2.2.). The helical form of
longer 'meander' chains is important because water can
become trapped within the helix. Therfore there are two
pools of water associated with polyoxyethylene; that

















The affinity of polyoxyethylene chains for water is
sensitive to temperature 108 . As temperature increases
there is a steady decrease in the hydrogen bonding between
ether oxygens and water. This phenomenon has profound
effects on the properties of non-ionic surfactants.
A typical example of the phase behaviour when a non-
ionic surfactant (C 9H19 •C 6H40.(CH2CH20)92 •H) is mixed
with water is shown in Figure 2.3. (redrawn from ref.112).
Less hydrophilic surfactants may form more extensive areas
of liquid crystalline phase which modify the appearance
of the phase diagram although the main features are
similar. (For example, Figure 2.k. shows the phase
diagram for C10H21 10(CH2CH2O) 3 .H and water3).
Phase region, I v,, in Figure 2.3. represents a micellar
solution of surfactant in water. If temperature is
increased the phase will become turbid due to increased
inicelle sizel1. At a characteristic temperature for the
particular composition, known as the cloud point,
phase separation of the surfactant occurs (region II+);
micellization is no longer thermodynamically favouredhl5_h16.
Figure 2.4. shows that the cloud point is lower for the
less hydrophilic surfactant and this follows a general
trend117 . Phase behaviour of surfactan-ts with different
HLB values is similar, but corresponding phase changes
occur at higher temperatures with increasing i-JIB. If a
surfactant is sufficiently lipophilic it will not form
aqueous micelles at all and is immiscible with water










Figure 2.3. Phase diagram of water and the surfactant
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Figure 2.14.,	 Phase diagram of' water and the surfactant
C 10H21 .o.(CH2CH2O)3.H










the freezing point of water).
When a third component, an oil, is introduced into a
non-ionic surfactant and water mixture the phase
behaviour, whilst more complicated, conforms to a
general pattern which has been revealed largely by
Shinoda's schoo1117123 . Shinoda's concepts have become
accepted and widely used by other workers interested
in emulsions or 'microemulsions'95' 124-128 The phase
behaviour of oi ]Jwater/non-ionic surfactant mixtures
can now be explained and in many cases predicted although
as Sherman and co-workers have pointed out, in some cases
interfacial association in mixed surfactant systems may
complicate behaviour 129130 D
 Phase behaviour of
oi]/water/surfactant mixtures depends heavily on the
nature of the oil as well as the surfactant HLB value,
temperature and mixture composition.
The effect of temperature on a mixture composed of l.7.5%
cyclohexane, 7.5%''/w water and s%w/w polyoxyethylene
-8.6- nonyiphenylether is shown in Fig. 2.5. (redrawn
from ref.115). At temperatures of approximately 20°C the
mixtures consist of two phases with roughly equal volumes;
an oil phase and an aqueous phase containing the majority
of the surfactant in inicellar solution. When homogenized
the mixture forms a 'meta-stable' oil-in-water emulsion.
If the temperature is increased the amount of oil




















Figure 25. The effect of temperature .on the volume
fractions (a) of water (W) and oil (0) and
the interfacial tension between these phase (b)
0	 20	 40	 60	 80
Temperature (°C)
(s%w/w polyoxyethylene (8.6) nonyiphenylether, 14.7 
.5%"/w
water and L.7.$%w/W cyclohexane)
Figure 2.6. The phase diagram of ater and cyclohexane
in the presence of 5% /w polyoxyethylene
(8.6)- nonyiphenylether as a function of temperature






water phase appears to grow at the expense of the oil
phase. A sharp change in phase volume ratio takes place
above O0C accompanied by a fall in interfacial tension.
At 55°C (which is close to the cloud point of the
surfactant in water) three phases exist. These ares
a) the remnants of the oil phases b) a phase consisting
of surfactant with large amounts of solubilized oil and
water, occupying about 80% of the volume of the mixture
(which Shinoda calls the 'surfactant phase') and c) an
aqueous phase containing a small amount of surfactant
(<0.1%). .55°C represents a phase-separation temperature
for surfactant in water, at .58°C only phases b) and c)
remain (that is, all the oil has been incorporated into
the 'surfactant phase'). Between 550 and 58°C the
interface between phases is poorly defined, pseudo-
continuous and therfore the value of interfacial tension
is very low. Emulsification is favoured in this region
although emulsions once formed are not as stable as those
produced at lower or higher temperatures12133 because
anchoring of surfactant at the oi]/water interface is
weakerl26
. Above 58°C the 'surfactant phase' becomes
progressively 'oily' as water is squeezed out. Phase c)
thus grows in volume and there is an accompanying rise in
interfacial tension. When the temperature is as high as
70°C the water phase volume becomes quite large and the
other phase consists of oil containing most of the
surfactant as 'inverse micelles'. The mixture forms a
water-in-oil emulsion above 60°C. In summary, the rise
of temperature between 11.00 and 70°C results in a transfer
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of surfactant from the water to the oil phase. The region
55-58°C is a Phase Inversion Region (the approximate
temperature is known as the Phase Inversion Temperature -
PIT).
A more complete phase diagram for the same materials is
shown in Figure 2.6. (redrawn from ref .131). The weight
of surfactant is kept constant but the effect of the oil!
water weight ratio is described. At low proportions of
water and oil the three-phase region (III) gives way
to isotropic phases (10 and 1 phases respectively).
These phases are thermodynamically stable micellar
solutions with solubilized water and oil in either case.
Thus if conditions change from B' to B or A' to A by
increase in temperature then true phase inversion takes
place. This occurs at different temperatures illustrating
the importance of mixture composition on PIT. The behaviour
of cyc lohexame/water/polyoxyethylene -8.6- nonyiphenylether
mixtures is typical of other oil/water/non-ionic surfactant
mixtures. The PIT depends on the natures of the particular
materials. Increase in hydrophilic character of the sur-
factant raises the PIT. Indeed a diagram analogous to
Figure 2.6 can be constructed by plotting the number of
oxyethylene units for a homologous series of surfactants
against oil/water weight fraction at constant temperature131.
The phenomenon of phase inversion has been rationalised
by envisaging a divided total interfacial tension10913137;
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an interfacial tension between the oil and the non-polar
part of the surfactant (YO/N) and another between the
water and the polar part of the surfactant (Yw/P).
At low temperatures at a plane interface,
Yw/p	 Yo/N
thus the interfacial film tends to curve to form oil
droplets. At high temperatures the reverse is true
favouring formation of water droplets. At the PIT
Yw/p	 YO/N
which favours a plane interface. Shinoda proposed that
the 'surfactant phase' may be lamellar in form123'13.
Certainly some birefringence has been observed in the
PIT region. However other authors have failed to detect
regular layer structures with low angle diffraction
techniques. Consequently the structure of the surfactant
phase is uncertain. Friberg has suggested that a non-
regular bicontinuous structure may explain observations127.
The nature of such mixtures is very much a matter
currently being debated in the literature, particularly
in relation to the structure of so-called 'microemulsions'.
The effects of temperature on oi]/water/non-ionic
surfactant systems are closely related to the effects
of adding a 'co-solvent' (usually a medium chain alcohol)
at constant temperature. Such four component mixtures are
currently of considerable interest138_1 and along with
studies on the nature of the 'surfactant phase' should







Water was freshly distilled from an all glass apparatus
and held in a glass aspirator reserved for the purpose.
3.1.2 Lipophilic materials
A medium chain triglyceride oil (Miglyol 812) was obtained
from Dynamit Nobel (UK) Ltd. This material is manufactured
from coconut oil by distilling a fraction of saturated fatty
acid mixture and subsequently esterifying the mixture
with giycerin15. A similar material (Miglyol 8k0)
produced by esterifaction of saturated fatty acids with
propylene giyco116 was obtained from the same source.
Both oils were clear liquids at ambient temperatures
containing little moisture (<O.l%''/w) or free fatty
acids (<o.:3%w/w). The composition of the oils as %w/w
esterified fatty acids is ahown below16. Physical
properties of the oils are also tabulated.
% W1 composition in oil
FATTY ACID	 MIGLYOL 812
	
NIGLYOL 8O
caproic acid (C6)	 2% max.	 2% max.
caprylic acid (C8)	 50-6.5%
	
65-80%
capric acid (do)	 30-5%
	 15-30%






	 1	 -1(water/oil) at 20 C	 0.0203 Nm
	 0.0219 Nm
density at 25°C t 0.20C 	 0.9419
	
0.917k
viscosity at 25°C	 0.5°C	 17.9 mPa.s	 7.11 inPa.s
A series of saturated fatty acids of carbon chain length
C 6_C 12
 was obtained from Flourochem Ltd. Lipophilic
character was more pronounced as carbon chain length
increased as indicated by solubilities in waterh'7. The
acids became more viscous and tended towards waxy solids
with increasing carbon chain length as shown by melting
point data148.
FATTY ACID	 Melting Point Solubility in H 0
( °c )	 (20°C)	 2
Caproic (hexanoic) 	 C6	 0	 l.o82%w/w
Oenanthic (heptanoic) C7	
- 9 to -6	 0.242%
Caprylic (octanoic) 	 C8	 16-17
	
0.068%
Felargonic (nonanoic ) C9	 7-10	 0.034%
Capric (decanoic) 	 ClO	 30.5-31.5
	
0.015%
Undecanoic	 Cl].	 25-28 -	 -
Lauric	 C12	 42-k5	 -
Octane and Octanol were standard laboratory reagent grade
supplied by BSD.H. Ltd. Technical grade oleic acid and
glyceryl trioleate were also obtained from B.D.H. Ltd.
All materials were used as received.
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3.1.3 Amphiphilic inaterials_
Food grades of' polyoxye thylene-(20)-sorbitan trioleate
(Tween 85), polyoxyethylene-(20)-sorbitan monooleate
(Tween 80), polyoxyethylene-(5)-sorbitan monooleate
(Tween 81) and sorbitan trioleate (Span 8.5) were used as
supplied by Honeywill-Atlas Ltd. These are non-ionic
surfactants belonging to a c.ss known as Polyol surfactants19.
Such materials are synthesised from a nucleus with several
hydroxyl groups; six in the case of the sorbitol nucleus.
IVlonoesters of sorbitan are formed by an alcoholysis
reaction with triglycerides 150 . Further esterification
of the remaining hydroxyl groups is possible as in the
case of' Span 85 (oleate triesters of' sorbitan). A weak
hydrophilic moiety is provided by residual hydroxyl
groups. Consequently sorbitan fatty acid esters are
surface active but predominantly lipophilic. Hydrophilic
character of sorbitan esters can be increased by introducing
polyoxyethylene chains at hydroxyl sites as in Tween
products. The chemical structure of such molecules is
indefinite. Esterification and oxyethylenation may occur
at any of four hydroxyl sites. A general formula for
Tween and Span products is represented below; the
constituent groups for an average molecule of' each surfactant
are tabulated.
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R — O — (CH 2 CH 2 o)-cH2
R — o—(cH2 CH2O)_CH
0H
H H HH
R — O—(CH2 CH2 O (ocH2cH2)—o—R
ACID GROUPS - R 	 No. of polyoxyethylene
groups per molecule
oleic	 (w + x + y + z)





Tween 80	 1	 3	 20
Tween 81	 1	 .5
The above amphiphilic materials were clear, yellow-
brown liquids at ambient temperatures and did not show
obvious signs of deterioration when stored in air-
tight jars. Fundamental physical properties of the samples
used are tabulated below.
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AMPHIPHILIC MATERIAL
Physical Property Span 85 Tween 85 Tween 80 Tween 81
Theoretical mean
molecular weight	 990	 1871	 1310	 649
H.LIB. value	 1.8	 11.0	 15.0	 10.0
Densit at 25°C
+ 0.2 C	 0.9482	 1.0242	 1.0784	 1.0335
Vixcosty at 25°C




%Jw	 _____ ______ _____ _____
3.1.4 Other materials
Hydrochloric acid, sodium chloride, calcium chloride
dihydrate and sodium hydroxide were SLR grade materials
obtained from B.D.H. Ltd.
Glassy sodium phosphate (Calgon S, food grade) having
the general structure151,
ON( ON1 ONa
I	 I	 I	 I
NaO — P-1O— p - 1O —P—ONaII	 I	 II	 I	 IIoL 0] 0(n -z)
where n is approximately 12, was supplied by Aibright and
Wilson Ltd.
p-hydroxy benzoic acid was supplied by Sigma Ltd.
Hippuric acid, benzoic acid and other substituted benzoates
were SLR grade materials obtained from B.D.H. Ltd.
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Chromatographic solvents, methanol and glacial acetic
acid were also obtained from B.D.H. Ltd.
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3.2. PHYSICAL METHODS
3.2,1 Equilibrium phase behaviour
Equilibrium phase diagrams as described by Swarbrick152
were constructed by methods similar to those used by
Rosavear and others153_15. Constituents were weighed
into 15m1 glass tubes fitted with PTFE-lined screw-
closures. Mixtures were homogenised by heating in a
dry oven to approximately 70 0C and use of a vortex mixer
(Whirlimix, Fisons Ltd.). Mixtures were intermittantly
re-mixed whilst cooling to appropriate temperature in a
water bath and then left to equilibrate overnight.
Phases present were identified by centrifugation and
visual inspection or optical microscopy when necessary.
Polarising microscopy was used to identify mesoxnorphic
phases,
3.2.2 Preparation of emulsifiable mixtures
Oil-surfactant mixtures were freshly prepared by weight
and held in glass tubes fitted with PTFE-lined screw-
closures. Temperature was controlled by the use of a
water-bath.
3.2.3 Viscosities
Rheological behaviour of isotropic mixtures was examined
as a function of shear rate using a Ferranti-Shirley
cone-and-plate viscometer. Viscosities of Newtonian
materials were determined by measurement of lhe gradient
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of shear stress against rate of shear.
3.2.4 Densities
The densities of iso-tropic mixtures were determined
using an Anton Paar DM1445 densitometer.
Briefly, this instrument contains a water-jacketed,
oscillating glass tube. Introduction of gas or liquid
into the tube alters the natural frequency of oscillation
due to the gross mass change of the tube 155 . The density
of a material contained within the tube is calculated
from the resulting frequency change. The instrument may
be calibrated at a particular temperature using air
and water as standard materials.
3.2.5 Physical properties of self-emulsified systems
Introduction
The term self-emulsified has been used to describe
emulsions prepared under conditions of slight agitation3284i98.
It is likely that some oil/surfactant systems described
in the present study emulsify spontaneously in water,
although the rate of such a process may be extremely
slow. The ocourence of true 'spontaneous emulsification'
is difficult to establish; small amounts of energy
are invariably introduced as separate phases are brought
into contact 95 . However the phenoniemon of spontaneous
emulsification, as defined as a process requiring no
external energy, was not of direct importance to the
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current study. It was considered appropriate to
examine the behaviour of systems in the presence of
slight agitation.
An apparatus was constructed to assess the rate of
formation of emulsions under controlled conditions.
The quality of resultant emulsions was examined using
microscopy and a Coulter Nanosizer when appropriate.
Experiments were designed such that examinations of
emulsion quality could be performed without resorting to
dilution of emulsions. Dilution of emulsions has been
common practice for sizing purposes but is likely to
produce artificial results due, particularly, to
migration of surfactant molecules.
3.2.5.1 Comparative assessment of emulsification rate
The apparatus used to assess emulsification rate is
described fully in Appendix I. In short, formulations of
oil and surfactant were mixed with an aqueous continuous
phase contained within a glass cell. Gentle agitation
was provided by a rotating glass paddle. During emulsification
visible light scattering of the bulk fluid was continuously
monitored by plotting intensity of scattered light
against time on a chart recorder. The optimum conditions
of agitation for the range of experiments were chosen
by considering the following criteria:
1. Sufficient agitation was required to mix the bulk
fluid homogeously during the emulsification process.
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2. A low degree of agitation was desirable fo
sensitive differentiation between emulsification
rates and to avoid turbulence as far as possible.
Generally plots of intensity of scattered light against
time were similar to profiles of tl-E dissolution of
solids in aqueous media. Characteristically they
consisted of a lag phase, a pseudo-linear phase and
finally a gradual 'tailing' which reached an asymptote
as the emulsion system approached equilibrium. The
emulsification processes were compared by means of
parameters indicated on a general curve represented by
Figure 3.1. These are refered to as
a) the relative intensity of scattered light at
equilibrium, Rel
b) emulsification times, t1 , (eg. t0,,




Parameters were expressed as means and standard deviations
of five replicates of each experiment.
3. 2 .5 .2 Assessment of' emulsion quality
Introduction
The quality of emulsions can be compared using two
parameters; the mean particle size of the emulsion and
the width of the size range. A wide variety of emulsions
were examined during the study and required two techniques
to assess their relative quality. Mean particle size was
measured using a Coulter Nanosizer and checked by










Figure 3.1 General shape of curve for evaluation of
emulsification rate.
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was inappropriate, microscopy was used to estimate the
size of coarse emulsions and to judge the width of size
ranges by observing the number of large particles.
3,2.5.2.1 Determination of mean particle size using a
Coulter Nanosizer
Briefly, the Coulter Nanosizer exploits fluctuations in
intensity of scattered laser light due to Brownian motion
of dispersed particles. The intensities themselves are
not measured but the time between fluctuations is
correlated for many particles in the bulk dispersion.
Each time span is a function of particle size and the
viscosity of the continuous phase. Thus the mean particle
size can be computed together with a polydispersity
index'; a measure of size range calculated from the spread
of the data. The instrument can measure mean particle
size for particles in the range 140-3000nm and presents the
polydispersity index as a score between 0 and 9 (narrow
to wide size rangei mnonodisperse to a width range of
about 9 to 1 by diameterl56157). Emulsions were
transfered from the self-emulsification cell to
CoulterNanosiZer tubes by means of a glass pipette.
Data was correlated for two minutes for each size
determination and experiments were conducted in triplicate.
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3.2.5.2.2 Examination of emulsion stability using a
Coulter Nanosizer
Certain emulsions were sealed in Coulter Nanosizer tubes
using an ampoule sealing device and stored at controlled
temperature. The stability of these emulsions was
estimated by measuring the mean particle size (using
a Coulter Nanosizer) at various storage times.
3.2.5.2.3 Microscopy
A sample of each emulsion was examined by light
microscopy using a haeinocytometer with calibrated grid.
Emulsions were allowed to settle for fifteen minutes.
In each case photographs of three 'fields of view' were
recorded.
3.2.6 Physical properties of homogenised systems
Homogenised emulsions, identical in composition to
self-emulsified systems, were prepared under controlled
conditions using a Silverson homogeniser. Particle sizes
were determined in triplicate and stability assessed
using a Coulter Nanosizer as described above.
3.2.7 Assessment of affinity of Tween 85 for aqueous phases
Tween 85 exists in solution, or micellar solution, in
water upba concentration of lo_k%w/v (approximately
5 x 10 7M). Above this concentration, depending on the
presence of other dissolved materials, phase separation
begins to occur. The precise concentration at which
phase separation occurs is difficult to determine.
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Phase separation is difficult to detect because, even
when it is unable to exist in thermodynamically stable
solution, Tween 85 exists as a highly metastable
colloid when mixed in water. It is probably more
sensible to accept the description of a phase separation
region for such surfactants particularly as the materials
are mixtures of molecules of varied molecular structure.
Dispersionscontaining lO%w/v T85 were prepared using a
Silverson homogeniser. One litre of each mixture was
hoinogenised for fifteen minutes in a glass two litre
vessel. Dilutions of the stock dispersions were prepared
and each hoinogenised for a further fifteen minutes
(200m1 mixtures in a 4OOml glass vessel). Samples of'
each dispersion were allowed to equilibrate for twenty-four
hours at 25 + 0.5°C. The relative intensity of light
scattering was measured in triplicate for each dispersion
and for pure continuous phases using a Laser Nephelometer
PD2 (Travenol Laboratories Ltd.). In short, a sample
contained in a glass cell was placed in a helium-neon
laser beam (X = 632.8nm) and the instrument measured the
intensity of light scattered (on an arbitrary scale)
forwards at an angle of 310 to the incident beam. Relative
scattering intensity due to Tween 85 particles (I - I)
was calcu1ted by subtracting scattering intensities of
pure continuous phases (Ia) from values for corresponding
dispersions (I).
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3.2.8 Photoinicrographic study of the emulsification proce
It was of' interest to consider whether any differences could
be seen in the dynamic behaviour of different oil-
surfactant mixtures brought into contact with water.
A simple but effective technique was useful. A droplet
of water was placed onto the surface of a clean, glass
microscopy slide. A drop of oil-surfactant mixture was
placed adjacently and allowed to spread towards the
water droplet. As the material was spreading the
microscope was focused on the region in which the two
surfaces would inevitably meet allowing observation of
disruption of the interface. Following the initial
interaction emulsification ceased due to a lack of an
excess of water. Subsequently textures formed by
interaction of the two phases could be observed.
Photographs were recorded for comparison.
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3.3. BIOPHARMACEUTICAL METHODS
Development of the assay procedure for benzoic acid
metabolites in urine is described in Appendix Two.
Hippuric and benzoic acids were assayed by ultraviolet
spectrophotometry following high-pressure liquid
chromatography of diluted urine. The assay procedure
was quick and results were precise; laborious extraction
or derivitization procedures were avoided, improving on
published assay methods.
3.3.1 Dietary restrictions
Hippuric acid appears in normal urine as a rnetabolite
of quinic acid digested from fruit and some vegetables.
The metabolism of quinic acid is relatively slow. For
this reason subjects were asked to avoid fruit and
vegetable for twenty-four hours prior to and during each
experiment. Subjects fasted on appropriate mornings
and for at least four hours after benzoic acid
administration.
3.3.2 Fluid intake
Excretion rate may be affected by fluid intake. In
addition stomach emptying (and therefore absorption rate)
is likely to be affected by fluid intake. Therefore a
standard fluid intake was desirable. Sufficient water
was required to ensure that most excreted material was
evacuated from the bladder at each collection time.
(When the volumes of urine passed were less than
5Oinl significant amountof metabolite remained in the
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bladder). Fluid intake was standardized by requesting
sub jects to drink 200m1 of water each half hour
commencing 90 minutes before benzoic acid administration.
Two hours after administration the fluid intake was
reduced to 200m1 per hour.
3.3.3 Urine samples
Subjects discarded morning urine but noted the time
of urination. Subsequently urine was collected at
-90, -15, zero, 15, 30, 14.5, 60, 90, 120, 150, 214.0,
360 and 14.80 minutes with respect to the time of
benzojc acid administration. The volume of urine collected
was recored in each case and samples retained for assay.
3.3.4 Formulations
250mg benzoic acid was administered in each of three
formulations (contained in size 000 hard gelatin
capsules) to each of six healthy, male subjects. Two
additional formulations were administered to three of




1. 25Oing powdered benzoic acid	 powdered drug
2. 5g (s%W/w
 benzoic acid	 representative of a
solution in Miglyol 812 ) 	 non-emulsifying oil
solution
3,	 5g (s%w/w benzoic acid	 representative of an
solution in 70% Miglyol	 efficient self-
812/ 30% Tweeri 85 )
	
emulsifying formulation
•5g c.5%w/w benzoic acid	 representative of a
solution in Tween 8.5)	 slowly emulsifying
formulation
.5.	 250mg powdered benzoic	 an experiment to
acid	 determine whether
PLUS	 mere presence of
5g ( 70% Miglyol 812/ 30%
	
surfactant affected






4.1, THE BEHAVIOUR OF M812/T8/S8c MIXTURES
4.1.1 Phase behaviour, viscosities and densities of
oil/surfactant mixtures at equilibrium.
The phase diagram for the tertiary mixture Miglyol 812
(M812), Tween 85 (T8.5) and Span 85 (S8.5) at ambient
temperature was, apparently, that of a mixture of two
pairs of partially miscible liquids. M812 and S85 were
miscible in all proportions but the other two pairs
(T85 and S85, M812 and T85) produced diphasic mixtures
over wide ranges of composition. At these compositions
two phases separated out, one rich in either material.
Thus the ternary phase diagram (Fig 4.1.) showed two
diphasic regions, one radiating outwards from the
T85/S 85 axis, the other from the M812/T85 axis. The
M812/T85 diphasic area was of particular interest. It
appeared that T85 was poorly soluble in M812 (<l%w/w)
but that T85 could solubilize large amounts of 1V1812.
Infact this was shown to be behaviour conferred- on the
mixture by the presence of water in the industrial
materials. The T85 had a moisture content of 5•0%/W
(measured by the Karl-Fischer method) as waters of
hydration associated with the oxyethylene chains.
This represented 5.3 water molecules for each average
T85 molecule and was typical of the water content of
the industrial material. The water content of four
separate batches ranged from 4.8%to s.l%w/w. It was
difficult to dry the surfactant materials possibly due to
the fact that the water would have been hydrogen bound






Figure 4.1.	 Phase diagram of the industrial grade
materials Niglyol 812 (N812), 0Tween 85






In addition, water is thought to be trapped within the
polyoxyethylene chains which exist in a helical
conformation in the presence of waterhl0nlS8_160.
However by repetitive partitioning with molecular sieve
material (BDH Molecular Sieve Material liA) the water
content of T85 was reduced to 03yW, (0.36 water
molecules per molecule of T85). When M812/T85 mixtures
were prepared using the diied material the diphasic
region disappeared, as did that caused by T85/S85
mixtures. In the absence of water, the three materials
polyoxyethylene-(20)-Sorbitan trioleate, sorbitan
trioleate and Miglyol 812 were mutually soluble. It is
reasonable to assume that when small amounts of T85 were
added to M812 the water content of the M812 (O.l%"/w by
the Karl Fischer method) was sufficient to cause
phase separation of the surfactant material.
Viscosities of M812/surfactant mixtures were measured
up to shear rates of 1663 sec using a cone and plate
viscometer. All mixtures were Newtonian up to this
shear rate over the temperature range 25-37°C,. The
behaviour of viscosities when plotted against mixture
composition deviated consistently from ideality.
This was thought to be due to moisture content as other
authors have suggested3Bll6l, Figure 4.2. illustrates
typical behaviour of M812/surfactant mixtures. M812/T85
mixtures were the most Viscous. The use o± S85 as an
alternative surfactant lowered the viscosity and reduced
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- O3fW/w - of the S85). Viscosities for oi]/surfactant
mixtures using mixtures of T85 and S85 as the surfactant
fell between those of mixtures using each surfactant
alone. Increase in temperature lowered viscosities
but did not reduce the deviation from ideality.
Figure 14.3, represents corresponding plots of densities
of M812/surfactarit mixtures. These plots deviated slightly
from ideality although the effect was not as marked as that
on viscosities. The difference between densities of
S85 mixtures and T85 mixtures was large but changes in
temperature did not have such prominant effects.
Temperature affected the value of viscosities much more
profoundly.
It is reasonable to speculate that deviations from ideal
behaviour of mixture viscosities and densities may
have been caused by micellization within the non-aqueous
medium. Micellization in anhydrois non-aqueous solvents has
been described although the free energy changes favouring
such associations are small in comparison with those of
aqueous micellizationh62. However in the presence of-water
hydrogen bonding between water and ether oxygens in T85
eould promote micelli.zationl63. Using the dried sample
of T85 as a comparison with the raw material the latter
reasoning seemed justified. Both densities and viscosities
were reduced using the dried T85 (Fig. 4.4.) and the
















Figure LI.I. Densities of Miglyol 812/Burfactant
mixtures.
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Figure L14.	 Effect of moisture content on viscosities
and densities of M812/T85 mixtures at 25 C.
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significantly reduced. This suggests that inicellization
of T85 within the M812 was responsible for non-ideal
behaviour and that if the material could have be dried
completely, the mixtures may have behaved ideally.
Figure k.5 shows that the viscosity and density of T85
increased steadily, near to linearly, over the range
O.3L. to .5.o%w/w water content, as the extent of ordered
association increased.
In view of the influence of moisture content on the
properties of the surfactants, the industrial materials
will bereferredto as T85, T80, T81 and S85. The
corresponding anhydrous surfactants will be referred to
as POE-(20)-S-trioleate, POE-(20)-S-monooleate, POE(5)-S-
monooleate and S-trioleate.
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FiRure Lj.5	 Effect 0±' moisture content on viscosity
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.1.2 Phase behaviour of hydrous mixtures at equilibrium
Phase behaviour of nonionic surfactant/oil/water systems
has been studied extensively over recent
The phases present have been shown to be similar to those
described for ionic surfactant systems by previous
authors152153' i65-i68 In nonionic systems the effect
of temperature may be particularly pronounced as
highlighted by the comprehensive, elegant work of
Shinoda's school
During the current study the following convention is used
to denote phase behaviour. Roman numerals I, II, III
represent the number (one, two, three etc.) of distinct
thermodynamically stable phases which exist in equ5librium
in each particular mixture. The suffixes w, 0, LC
(water, oil, liquid crystal) are used to denote the
predominant solvent of each phase. For example,
describes a mixture consisting of two phases one
water-rich, the other oil-rich, although both phases
may contain dissolved surfactant and solubilized material.
Thus if a third phase of liquid crystalline material
exists in equilibrium with oil and water phases the
phase behaviour is described as 	 When three
phase mixtures are predominantly liquid crystal the
mixture is described at III r'. wo.
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As water was added to binary mixtures of M812 and
POE-20-S-trioleate at 25 0C solubilization took place
until the 'inverted' micelles became saturated. This
saturation point denoted the phase boundary of the
isotropic oil phase, region 1 (Fig. 4.6.). At higher
water contents large areas of the phase diagram
involved liquid crystalline phases although the regions
of clear liquid crystalline mixtures were small. At
low rv7812 contents a region of clear liquid crystal was
found close to the surfactant/water axis. This region
appeared to consist of two liquid crystalline types, LC1
and LC 2 , which had different appearances under polarised
light. X-ray diffraction studies were not available
but it is reasonable to assume that the LC 1
 and LC2
were of the Larnellar and Hexagonal type as described by,
for example, Rosavear 153 . Large areas of the phase
diagram were mixtures of water-rich, oil-rich and liquid
crystalline phases (region 111^
	 ). At lower
surfactant contents the liquid crystal was not detected
as a bulk phase and mixtures consisted of water-rich and
oil-rich phases (region II+) many of which were
metastable emulsions of one phase in the other. These
were oil in water emulsions except when the oilJwater
volume ratio was high. One other important phase which
formed in the presence of small proportions of water
was a third region of clear liquid crystal (I 3 ). This
was a fluid phase with no appreciable elasticity
(c.f. LC 1
 and LC 2 regions) and was probably a 'reversed
hexagonal' phase. This phase is not common in flofliofliC
SyStems164 and generally occurs for surfactants which
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Figure L. .6.	 Phase diagram o M812, POE-(20)-S-trioleate









do not form aqueous iniceiiesl69. This is consistent
with the properties of POE(2Q)-S-.trioleate which did
not form aqueous inicelles at 25°C. Thus an isotropic
water phase (In) was not found. The dotted line running
from the M812 apex through the 10 phase represents the
composition of 1v1812/T8 .5 mixtures using the industrial
materials, which include water as described in
section 4.1.1.
Figure LI. .7. illustrates the phase diagrams for M812/
POE-(20)-S-trioleate/S-.trioleate mixtures with fixed
water content between 0 and lO%'/w. The diagrams show
that phase behaviour was more sensitive to POE-(20)-S-
trioleate concentration than the lipophilic S-trioleate.
Liquid crystalline phases were formed in the presence of
S-trjoleate but were diminished as the concentration
of liphophilic surfactant increased above about 10%W/J
Figures 4.8-4.16 represent a more detailed study of
M812/T85/water phase behaviour conducted at different
temperatures. The correlation o± these phase diagrams
with emulsification properties will be discussed later.
As water was added to T85 (Figure 4.8) the water was
solubilized to form a single surfactant phase (i s ) until
eventually the surfactant was saturated. A lameflar liquid
crystalline phase began to separate out which existed in

































Figure L7	 Phase behaviour of some M812, POE-(20)-













































Figure	 Phase diagram of water and POE-(20)--S-trioleate
80
20








Figure L 9. Phase diagram of water and the mixture 8O%'W/w











'1s+LC' The effect of temperature,
between 0 and 80°C, on the I phase was to increase the
capacity for water solubiliza-tion. A region of enhanced
water solubjljzatjon, as investigated by Shinoda and
co_workersh1812012, was not found between 0 and 80°C.
At higher concentrations of water clear anisotropic
phases existed below approximately 35°C. Above this
temperature liquid crystalline phases existed in equili-
brium with other phases. If water concentration was
further increased a dispersion of T85 in water resulted.
As mentioned previously, T85 was insufficently hydrophilic
to form a micellar solution in water and formed a
metastable dispersion of larger aggregates. Such behaviour
corresponds to the behaviour of surfactants of sim&lar
hyd.rophile-liophile balance (H.L.B.) in Shinoda's range
of polyoxyethylenated nonyiphenylethers.
Figures 14..9 to Li. . i6 represent corresponding phase
diagrams for various water and oi]Jsurfactant mixtures.
The addition of 20% oil to the surfactant phase, in the
surfactant/oil ratio of 80/20, resulted in considerable
modification to the water-surfactant phase diagram.
In Figure k.9 the extent of the area containing liquid
crystalline phases is much reduced and the monophasic
liquid crystalline systems were not formed. However some
mixtures (III++) were substantially liquid crystalline.
Further addition of M812 to the system (Fig. Zi. .iO) reduced







Figure 4.10.	 Phase diagram of water and the mixture
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Figure 4.11.	 Phase diagram of water and the mixture
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solubilization of water in the oil phase (10 region).
At a surfactant/oil ratio of 50/50 a region of' high
water solubilization appeared at approximately 70°C.
An equivalent region may have occured above 80°C at lower
1V1812 contents. Generally, the presence of' increasing
amounts of oil tended to lower the temperature at which
such regions of solubilization occured but also reduced
their size (as in Shinoda's experiments 112 ). Mixtures
which had compositions fractionally outside the regions
of critical water solubilization had a translucent
quality and contained high proportions of birefringent
material (III^+). Similar mixtures have been described
by Friberg's° 9
 and Shinoda's 137
 Schools and have been
explained in terms of a 'surfac-tant phase' which
includes large amounts of solubilized water and oil.
Shinoda has proposed that such mixtures may exist in a
laminar form. Above a critical temperature water was
no longer solubilized within the surfactant phase and a
water-in-oil emulsion resulted (I+ - denoted as II
The region of critical water solubilization described
above was a phase inversion region which occured at a
characteristic temperature similar to the Phase Inversion
Temperature (PIT) of' emulsions as discussed in section
2.Li. However true phase inversion, defined as an inversion
from oil-in-water to water-in-oil emulsion 'type', did
not occur at low volume fractions of' water.
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01/surfactant ratios greater than 50:50 were
particularly important with respect to emulsification
properties. Their phase behaviour is compared to the
5050 ratio on an expanded scale in Figures 4.12 to 4.16.
The size of the I region decreased as the oil/surfactant
ratio increased. At the same time the region of phase
inversion occured at lower temperatures. At ratios
higher than 85M812/15%T85 the region 10 was extremely
small and a critical region of solubilization could not
be detected. Between 5 0%M812/5oT85 and 80%M812/20%T85
solubilization regions could be identified progressively
decreasing in size and occuring at lower temperatures
(i.e. the critical temperature was lowered as the
proportion of P4812 increased).Figures 4.i4 and 4.15 differ
in one important way from the other phase diagrams in
that they show a clear liquid crystalline phase adjacent
to the 10 phase. This phase has been identified previously
in Figure Li. .6 and probably represented an 'inverse
hexagonal' phase. The latter phase is important since
in certain circumstances it represented a single phase
formed on addition of water to the saturated 10 phase.
In other circumstances such as a) in Fig. 4,14 above
60°C b) in Fig. 4.15 above 30°C or c) in Fig. 4.16, when
water met the 10 phase above the critical solubilization
temperature (CST), a two phase mixture had to result.
Alternatively if one considers water meeting the 10 phase
well below the CST in cases such as a) in Fig. 4.13 below
20°C b) in Fig. 4.12 below 40°C c) in Figs. 4.8 to 4.10
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below 80°C, then one would expect the separation of a










Figure i.12. Phase diagram of water and the mixture
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Figure LI. .13. Phase diagram of water and the mixture
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Figure L1. •1Lj• 	Phase diagram of water arid the mixture
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Figure .16 Phase diagram of water and the mixture
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4.1.3. Emulsification of 1V1812/T85/S85 mixtures
4.1,3.1 1V1812/T85 mixtures
Table 4.1 lists data describing the rate of emulsification
of M812/T85 mixtures in distilled water at 25°C. These
results are typical of the information which was
generated using the nepheloineter during self-emulsification.
The value of Rel 	 varied little between replicate
experiments as can be seen from the values of the
standard deviations. Values of Rel 1100 above 50 units
were typical of emulsions of good quality. At T85 contents
of less than l5%''/w emulsification was poor and values
of Rel 1100 fell below 5 units. Similarly low
values of Rel 1100 were typical of mixtures with T85
contents greater than 6O%w/w, Essentially, mixtures with
T85 contents outside these lower and upper limits did
not 'self-emulsify'. For such mixtures the measurement
of emulsification rate parameters was inappropriate.
Within the range of more efficiently emulsifying mixtures
(20-6O'/w T8.5) the values of emulsification time (t1)
showed distinct trends. The region 30-45%"/w T85 contained
mixtures with the lowest t values with a minimum
Ito
emulsification time at li.O% T85. Either side of this region
values rose steeply, particularly at high T85 contents
(Figure I. .17.). Variation in emulsification times between
replicate experiments became consistent provided that
at least five replicate experiments were undertaken. The
standard deviatiors were between five and ten percent of
the mean value unless emulsification was very poor.
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Table 11.1. Rate of emulsification of M812/T8
mixtures in distilled water at 25 C
(mean and standard deviation of five replicates)
MIXTURE
COMPOSITION	 t1% (seconds) 	 D0
%w/w	
-1REL	 (sec.% )
M812	 185	 1100	 t0	 t75	 t90
80	 20	 80.0	 4.8	 9.1	 12.8	 19.1	 0.087
	
3.3	 0.4	 0.9	 2.7	 5.2	 0.011
75	 25	 80.6	 3.6	 8.3	 11.2	 15.5	 0.093
	
2.3	 0.4	 0.7	 1.0	 1.8	 0.013
70	 30	 81.7	 3.2	 6.5	 8.5	 11.3	 0.065
	
3.7	 0.3	 0.4	 0.8	 1.4	 0.009
65	 35	 71.8	 3.0	 6.3	 8.2	 10.7	 0.067
	
1.9	 0.2	 0.4	 0.5	 0.9	 0.006
60	 40	 56.2	 2.7	 5.8	 7.5	 9.1	 0.062
	
0.7	 0.3	 0.4	 0.4	 0.4	 0.007
55	 45	 36.8	 2.1	 5.7	 8.0	 12.2	 0.073
	
1.7	 0.2	 0.4	 0.5	 2.4	 0.004
50	 50	 20.4	 2.4	 8.7	 16.4	 32.9	 0.126
	
1.4	 0.7	 1.5	 4.9	 10.7	 0.024
40	 60	 11.7	 3.0	 11.1	 20.5	 36.5	 0.163
	
0.8	 0.5	 1.4	 2.5	 5.0	 0.031
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Figure 4 .17.	 Emulsification times (t10,) of I81/T85
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Figure 
.17. shows that generally values of t50r, t7
and t90 , changed in the same manner, This illustrates the
point that a change in emulsification rate was reflected
in the whole curve of I against time; the general shape
of each curve remaining similar. For this reason it is
possible to use a single parameter to describe emulsification
time. In discussion of other results the parameter
will often be used as an indication of emulsification rate.
An illustration of the information available from the
Coulter Nanosizer is given by Table 11.2. Self-emulsified
systems of 1V1812/T85 mixtures had various mean particle
sizes; a minimum occuring in the region of 20_14.O%W/wT85
(Figure 11.18.), the inflexion being at 30%W/85•
At higher T85 concentrations the emulsions formed by
self-emulsification were of increasing mean size. The
poorer quality of these emulsions was also indicated
by higher standard deviations of the mean size and by
substantially higher values of the polydisperisty index
(a measure of the size range, see section 3.2.5.2.).
At T85 concentrations of less than 2o%W/w the measurements
made using the Nanosizer were less appropriate. The
measurements made of' emulsions formed using the
85%M812/15%T85 mixture illustrate this point. For this
system there was a sharp increase in standard deviation
and polydispersity index. Measurements made of emulsions
formed by mixtures containing less than l5%T85 were quite
misleading. The particle size appeared to drop to
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Table	 Assessment of quality of self-emulsified
and hornogenised emulsions of 1V1812T85
mixtures in distilled water at 25 C.
MIXTURE	 SELF -EMULSIFIED SYSTEMS HOMOGENISED SYSTEMS
COMPOSITION
%w/w	 PARTICLE SIZE	 PARTICLE SIZE
(nm)	 P.1.	 (nm)	 P.1.
M812	 T85	 Mean	 S.D.	 Mean	 S.D.
85	 15	 320	 22	 7	 380	 18	 4
80	 20	 310	 3	 2	 235	 6	 3
75	 25	 287	 3	 2	 210	 4	 3
70	 30	 278	 2	 2	 189	 2	 1
65	 35	 295	 2	 4	 176	 6	 3
60	 40	 321	 12	 5	 182	 6	 2
55	 45	 423	 25	 7	 186	 4	 3
50	 50	 487	 24	 8	 182	 7	 3
40	 60	 562	 33	 9	 180	 5	 4












Figure 14. 18. IVlean particle sizes of self-emulsified and
hoinogenised emulsions of M812/T85 mixtures
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approximately 25 Onxn. However, microscopical examination
of the emulsions showed that large particles and some
free oil were present. Therefore the size range for these
emulsions was too wide to allow realistic assessment
using the Nanosizer. It is likely that the machine
measured the mean size of some fine particles present
which did not represent the mean size of the total
emulsion, Indeed the dispersions may have been bimodal,
judging by their appearance under the microscope. In
summary, the Coulter Nanosizer must be used with caution
for measurement of polydisperse systems and should be
accompanied by microscopical examination or another
sizing method which would detect the presence of large
particles.
Returning to the effect of mixture composition on emulsi-
fication properties of M812/T85 mixtures, it would seem
that, generally, fine emulsions with narrow size ranges
were formed at rapid rates. The curves plotting emulsifi-
cation time and particle size of resultant emulsions
had similar shapes. Although the mininum value of the
particle size occurred at a slightly lower T85 content than
the corresponding minimum of emulsification time, there
is a distinct range in which the two curves overlap. The
mixture 70%M812/30%T85 was regarded as the model
'self-emulsifying' mixture and is used as a standard in
further studies.
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The particle sizes of homogenised emulsions (of the same
concentration) are also listed in Table 14.2. The measurements of
emulsions formed from the l.5%"/wT85 mixture illustrate
poor emulsion quality. Even after homogenisation the
particle size was high and variable. As T85 concentration
increased the homogenised systems became fine and above
40iW/85 had mean sizes of 180-l9Onin. Therefore whilst
mixtures above 50%T85 were poorly self-emulsifying, fine
emulsions were produced when large amounts of energy were
available for emulsification (Figure 14.18).
In order to compare the efficiencies of self-emulsification









5-15%	 Mixtures dispersed at various
rates to form poor emulsions
with extremely wide size ranges.
20-11.0%	 Rapid self-emulsification





forming coarse emulsions with
wider size ranges than





unless large amounts of
energy were available.
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Plates 1 to 3 are photomicrographs of typical emulsions
formed by Type A, B and C mixtures. Most of the particles
formed by Type B mixtures were too fine to be resolved
by light microscopy whereas emulsions formed by Type A
and Type C mixtures included some large particles. In the
case of Type A mixtures the large particles were substan-
tially oil. Type C mixtures included large particles of
undispersed oi]Jsurfactant material.
The above four classes will be used to describe broad
differences between oiVsurfactant mixtures in future
discussion.
During a study of emulsion stability Lee has considered
self-emulsification of xylene/surfactant mixtures with
regard to formulation of herbicidal emulsifiable
concentrates38 . As surfactant concentration was increased
subjective assessments of the 'spontaneity' were made
using the CIPAC1 method. l%w/w surfactant was required
for self-emulsification and efficiency improvedup to
surfactant concentrations of 5% after which droplet size
increased. Above 25% surfactant emulsification was poor
until the surfactant ccncentration was high enough (60%)
to form a slowly dispersing solubilized system. Similar
behaviour has been observed by other workers' 70171 . The
deterioration in spontaneity as surfactant concentration
is increased in such mixtures is generally thought to be
due to increasing viscosity. Higher viscosity would hinder
- 1OLl. -
Plates 1-3 Appearance of typical emulsions formed by
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the diffusion of surfactant molecules up to and across
the interface and hinder penetration of water molecules
in accordance with the Stokes-Einstein equatiçinz
D	 KT/67r .a.?7	 (1i.i)
In addition, high viscosity would dampen interfacial
turbulence and therefore hinder mechanical rupture of
droplets. The increase in spontaneity between 1% and the
optimum 
.5% in Lee's work38 was explained by a progressive
lowering of interfacial tension.
Initially, it would seem that M812/T85 mixtures exhibited
similar properties to the xylene/surfactant mixtures
examined by Lee. However, a closer look at the two
sets of materials reveals significant differences.
Firstly the viscosities of the M8i.2/T85 mixtures were well
over ten times higher than corresponding xylene/surfactant
mixtures. Infact the optimum xylene/surfactant mixture
of 5% surfactant had a viscosity below lmPa.s.
Spontaneity deteriorated as surfactant content rose to
20% when the viscosity was about 2mPa.s. In comparison,
the optimum self-emulsification of 1V1812/T85 mixtures
(at a concentration of 30% surfactant) occurred when
mixture viscosity was 39mPa.s.
The densities of the oi]/surfactant mixtures may be
important in certain circumstances.5761,171. The reason
is generally considered to be that the differences between
velocities of the continuous and dispersed phase lead to
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differences in shearing strees. Thus large differences
in density between the continuous and dispersed phase
( Pc -Pd) favour droplet deformation and rupture50.
The values of ( Pc - Pd) for the xylene/surfactant
systems studied by Lee38 were approximately three times
greater than those for the 1V1812fT85 systems examined in this
study. However despite the unfavourable viscosities and
densities of the M812/T85 mixtures they resulted in
finer emulsions with narrower size ranges than the
5% surfactant in xylene inixtures.These observations
suggest that the effects of viscosity and density on
hydrodyriamic instability were of little significance
to emulsification of M812/T85 mixtures.
Previous workers, e.g. Mustafa172 , have assumed that
interactions between materials at an interface are
related to the phase behaviour of bulk materials, which
can be studied comparatively easily. It is possible to
envisage how oiVsurfactant mixtures may mix with an
excess of water in relation to the concentration of
surfactant present in the oil,fsurfactant mixtures. As
a result of I'ustafa's work172 it has been proposed2P97
that formation of liquid crystalline material, at the
interface of an oi]Jsurlactant mixture and excess water,
may aid dispersion. The mechanism was explained by
considering the in-terfacial pressures generated by
formation of liquid crystal. 1k inter±'acial pressures
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were high they may result in spontaneous expansion of
the interface causing formation of small droplets.
Examination of the phase behaviour of Lee's 38 xylene/
surfactant/water systems suggests that his 5% surfactant
mixtures would not have formed liquid crystalline phases
when mixed with excess water. Infact liquid crystals
were not formed until the surfactant concentration was
g'eater than 35%. The latter were poorly emulsifying
mixtures. Lee considered that formation of gel-like
liquid crystalline layers would retard further penetration
of water and hence reduce the rate of disintegration of
the bulk oi]/surfactant mixture. One might assume that
the spontaneous emulsification of Lee's mixture of
.5% surfactant in xylene can be explained by strong
adsorption 'of surfactant at the oil/water interface
causing extremely low interfacial tension. Spontaneous
emulsification under these conditions can be explained
thermodynamically by the relationship
G form	 =	 y . A
	
-	 T.SdiSP	 (11.2.)
as explained in Chapter Two.
Superficially, the results of Lee and Mustafa appear
to be contradictory. However Mustafa's study does not
include the quality of resultant emulsions; it is based
on a measure of 'spontaneity time' alone (this can be
misleading as demonstrated by the M812/T85 system).
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Furthermore Nustafa did not examine the phase behaviour
of his systems at low water content, but only from 30%
water upwards. Therefore liquid crystalline phases may
not have been formed as soon as the oi]/water surfaces met.
Examination of the phase behaviour of 1V1812/T85/water
systems reveals that certain properties of phase behaviour
appear to favour spontaneous emulsification. The emphasis
of the current discussion is on phases formed at low
water content i.e. those interactiorswhich are likely
to take place as water initially penetrated an oi]/
surfactan-t mixture at 25°C.
Efficient emulsifying systems (Type B mixtures) were
formed between 20 and 140%''/wT85. With reference to
figures Ll. .13. to L.15. it can be seen that these
mixtures were close to but below the region of high
water solubilization. As explained in Chapter Two the
interfacial tension in this region is low and approaches
zero at the region of the phase inversion109'115'87,
The low values of interfacial tension may be enough to
explain the ease of emulsification of these mixtures.
Another interesting feature of Figures 14.ik and 11.15 was
the presence of' the liquid crystalline phase
It is thought that this phase was a reversed hexagonal
phase formed on addition of water to saturated micellar
Solution. It is conceivable that this liquid crystalline
phase could have formed at the oil/water interface when
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an oi]/surfactant mixture was added to excess water.
The liquid crystalline phase could have provided a direct
path for continued water penetration causing rapid
explosion of the interphase to form fine droplets.
Similar suggestions have been noted by Van der Waarden173.
The possibility of such a mechanism for self-emulsification
is discussed further in section 14.1.3.3.
As the ratio of 1V1812 to T85 was increased the size of the critical
region of water solubilization became smaller and its
critical temperature (the CST) became lower (Figs. 14.12
to 11.16). At a ratio of N812 80%/T85 20%W/w the critical
solubilization temperature was just above 25°C. If
the T85 content was further reduced the CST dropped below
25°C. Figure 11.16 also shows that if water was gradually
added to 15%T85 mixtures at 25°C the phase changes were
as follows. When the inicellar region (Is) was saturated
with water further addition of water caused phase separa-
tion into two distinct phases; one rich in surfactant,
the other in oil. 1f more water was added to this
mixture the surfactant-rich phase became birefringent,
indicating the presence of liquid crystalline material,
whilst the oil-rich phase remained unchanged. It is
significant that these changes in phase behaviour
corresponded to the transition between Type B and Type A
mixtures. The wide size range of emulsions formed by
Type A mixtures may be explained by the initial separation
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o:t' an oil-rich phase (which was poorly emulsified) and
subsequent dispersion of the surfactant-rich phase
forming droplets. As the surfactant concentration was
reduced below l.52 in the original I mixtures the
volume fraction of the separating oil-rich phase became
larger and corresponding emulsions contained increased
proportions of poorly dispersed oil.
The progressive decline in efficiency of self-emulsification
as T85 concentration in the original I mixtures was
increased (Type C and Type D mixtures) seemed to correspond
to increased formation of gel-li1laine1lar liquid crystal.
Figures 1+.8 to 11.11 show that, at 25°C, the addition of
water to I phases containing over 50%'W/wT85 resulted
in the formation of' two phase systems (IIo+)
As M812 concentration in the original mixture decreased
the addition of' water resulted in more viscous liquid
crystalline phases. Mixtures containing less than 30%M812
(Type D mixtures) on addition of water produced semi-solid
vie coelas tic mixtures,
Typically Type C mixtures appeared to be 'partially
dispersed'. In some cases water had penetrated the
bulk only to become stranded, forming typical large
w/p/w particles. But the change from Type C to Type D
mixtures was gradual, in agreement with Lee's work38.
It would seem that formation of viscoelastic lamellar
phases hindered emulsification. In addition, one would
expect that interfacial tension increased with T85
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concentration as the critical solubilization temperature
(or PIT) became higher.
The solubilized systems formed by Lee's 60% surfactant
in xylene mixtures were probably formed spontaneously
due to molecular diffusion of surfactant which formed
rnicelles in the excess aqueous phase. Such systems were
not formed by M812/T85 mixtures because T85 did not form
aqueous micelles.
Visually, emulsification of Type B mixtures appeared to
take place by erosion of very fine particles from the
oil/water interface. During this process the bulk
oll/surfactant mixture remained a discreet mass (unless
mechanically sheared) which reduced in size as erosion
proceeded. Differences in the appearance of interfacial
disruption for a range of M812/T85 mixtures could be
viewed by light microscopy as described in section 3.2.8.
Plates k-8 are photomicrographs (all to the same scale)
of iriterfacial disruption a few seconds after M812/T85
mixtures met a distilled water surface at 25°C. In all
cases replicate experiments of the interaction of each
mixture with water produced characteristic textures.
The surfaces met along a line running vertically across
each photograph, beginning with the waterphase on the
left and the oi]/surfactant phase on the right of each
photograph, as shown below.
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When the two surfaces met in Plates k-7 the water phase
typically penetrated the oil/surfactant (Ia) phase
releasing streams of oily particles into the water
phase. Water droplets did not appear in the oil phase.
Thus the bulk oil phase remained clear (to the right of
each photograph). The textures formed by the streaming
of oil particles into the water phase were indicative
of the particle size of droplets resulting from
interfacial disruption.
Plate Z shows the emulsification of the 85%1V1812/15%T85
mixtures. Large droplets and elongated slicks of oil
streamed into the water phase. The particles formed by
the 20% T85 mixture (plate 5) were considerably finer.
These two photographs show the transition between Type A
and Type B behaviour. M812/T85 mixtures containing less
than 15% T8.5 were very poorly dispersed. Plate 6 shows
emulsification of the 30% T85 mixture. The high
efficiency of emulsification is indicated by the fine,
even texture produced close to the interfacial region.
Emulsification of the 50% T85 mixture (Plate 7) was also
even but was coarser than that of the 30% T85 mixture.
Such behaviour was indicative of the transition to Type C
- 113 -
Plates 14.7,	 Interfacial disruption caused by penetration
of distilled water into 1V1812/T85 mixtures
at 25 C.
2OOin
Plate LiP .	 85%1V1812/15%T85 mixture
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Plates Lj.70	 Interfacial disruption caused by penetration
of distilled water into 1V1812/T85 mixtures
at 25 C.
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behaviour, Plate 8 shows the interaction of 20% 1812/80% T85
(a typical Type D mixture) with water. In this case oily
particles were not dispersed into the water phase.
Instead the water phase was gradually dissolved into
the oil/surfactant phase. Gel-like liquid crystalline
phases were formed during this process and could be
detected at the interface by polarizing microscopy.
Hence Type D mixtures failed to self-emulsify. Mixtures
containing between 50% and 80% T85 (which represent the
transition between Type C and Type D character) behaved
as intermediates between the two extremes of behaviour
shown in Plates 7 and 8.
Subsequent to the initial interfacial disruption emulsi-
fication ceased due to the lack of water available for
further penetration. The interfacial region could then
be observed in a static state. This technique highlighted
the differences in texture of emulsions formed by Type B
oi],/surfactant mixtures. Plates 9, 10 and 11 show the
interfacial regions formed by water and 20%, 30% and
50% T85 in T1812 mixtures. The 20% T85 mixture (Plate 9)
was unevenly dispersed in comparison with the 30% T85
mixture (Plate 10). The 50% T85 mixture (Plate 11),
whilst even, had a coarse texture.
- 116 -
Plate 8 Interaction between the 2g%1V1812/80%T85 mixture
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Plate 1O,	 70%1V1812/30%T85 mixture
Plate 11.	 50%M812/50%T85 mixture
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L ,1.3.2. M812JT85/S85 mixtures
Surfactarit pairs have been recommended for formulation
of self-emulsifiable oil
	 Most
authors have agreed that a combination of hydrophilic and
lipophilic surfactants result in more efficient self-
emulsification than that of mixtures containing single
surfactants. This view has developed speculatively as a
result of observations of emulsion stability. It has long
been known that mixed surfactants can produce more
condensed interfacial films resulting in greater
stability against coalescencel75_176. Such complexes
have been shown to reduce interfacial tension 177
 and
were most efficient when one surfactant was preferentially
water soluble and the other was preferentially oil
soluble17779 . Hence surfactants have been selected for
self-emulsification along much the same lines as selection
for emulsion stabilization; by the use of H.L.B. values
(see section 2.L1..).
The effect of inclusion of Span 85 (S85), the lipophilic
counterpart of T85, iS considered in this section. The
behaviour of the more hydrophilic surfactant, T80, is
considered in a later section.
Using the value Rel 1100 as a guide it was possible to
map out regiorsof good, moderate and poor seif-emulsifi-
cation for M812/T85/S85 mixtures (figure li..19).






Figure	 Guide to the efficiency of self-emulsification




G - good	 : Rel	 25
M - moderate	 : 25> Ret	 10
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emulsifying. Infact the range of total surfactant
concentration which produced efficiently emulsifying
mixtures became progressively narrower as the ratio of
S85 to T85 was increased. A closer examination of the
self-emulsification of 1V1812/T85/S85 mixtures was conducted
by comparison with the standard 70%M812/30%T85 mixture.
Figure L1.20. illustrates the result of including S85 at
the expense of T85; that is, keeping a constant concentra-
tion of surfactant by weight but increasing its
lipophilic character. The values of emulsification time
(t % ) did not change greatly for mixtures containing up
to 7.5%S85 although after 7.5% there was an apparent
fall in tfl,. The value of t 0 dropped steadily which may
have been a manifestation of the decreasing viscosity.
The particle sizes of the emulsions were significantly
different; a steep rise in mean size occured between
2.5 and 7.5% S85 content. An-apparent fall in particle
size occured between 7.5 and 10.0% S85. Microscopical
examination of the emulsions showed that the number of
large particles increased especially between 5 and
10% S85. This represented a transition between Type B
and Type A mixtures. At S85 contents of 10% and above
the emulsions formed were widely dispersed and of much
poorer quality than those formed by mixtures containing
0-5% S85. Essentially, the inclusion of S85 at the
expense of T85 had the same effect as increasing the
oil content, resulting in Type A mixtures above 7.5% S85.
This phenomenon is explained by a lowering of the CST
to temperatures below 25°C when the concentration of








Figure L .2O.	 Self-emulsification of some M812/85/S85

















	S85	 0	 2.5	 5,0	 7.5	 10.0
	
185	 30.0	 27.5	 25.0	 22.5	 20.0
M812	 70.0	 70,0	 70.0	 70,0	 70.0
Mixture composition ( % w/w )
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Plates 12-14 Emulsions formed by self-emulsification of
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emulsions formed from mixtures containiri 5%, 7.5%
and l.5%"/w S85 respectively in distilled water at 250C.
(The total surfactant concentration remained constant
at 3O%W/W) Plates 12 and 13 show the deterioration in
quality of emulsions formed by mixtures containing
over s%w/w S 85. The typical, large particles formed
by a Type A mixture can be seen in Plate iLl. The
lowering of the CST (and PIT) caused by inclusion of
lipophilic surfactants has been described by Shinoda22,
S85 was also added to the model mixture at the expense of
M812, keeping the T85 concentration constant at 3o%w/w.
The properties of this series of mixtures were similar to
those of the series previously described. Figure 11.21
shows that efficiency of self-emulsification deteriorated
gradually as S85 concentration was increased to 5%,
as indicated by particle size and t 90% measurements.
Between 5% and 10% S85, again, there was a transition
to polydisperse emulsions and measurements became
misleading. This behaviour is indicative of the
importance of the nature of the oil in oi]Jsurfactant
systems121 . Infact the Nanosizer did indicate that
emulsion quality continued to deteriorate between 
.5%
and 10% S85 by displaying a rise in polydispersity index.
Nevertheless the experiments represented by Figures
11.20 and Lf.21 serve to illustrate the likelihood of
obtaining misleading estimates of mean particle size







Self-emulsification of some I812/T85/S85


















S85	 0	 2.5	 5.0	 7.5	 10.0
185	 30.0	 30.0	 30.0	 30.0	 30.0
M812 70.0
	 67.5	 65.0	 62.5	 60.0
Mxture composflon ( % w/w )
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However in practice the transition from Type B to Type A
mixtures resulted in a large change in emulsion quality
which could easily be detected by microscopy and often
by visual inspection.
In summary, the effects of including S85 did not aid
dispersion of the model M812/T85 mixture but instead
modified the oil/surfactant/water interactions so as to
move away from optimum conditions for dispersion. These
changes were reflected in the phase diagram (Figure Lf.7.)
in which the liquid crystalline regions were reduced in
size.
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4.1.3.3. Effect of water content of original oil/surfactant
mixtures on self-emulsification.
The effect of inclusion of water in the original mixture
on self-emulsification of oil/surfactant mixtures was of
interest for two main reasons. Firstly in relation to
changes in moisture content of the raw materials, particu-
larly T85. This has been shown to vary between approximately
4.82 and 5.l%w/w (see section 4.1.1.). The viscosity of
the 10 phase changed significantly as water was solubili-
zed. Therefore it was important to determine whether self-
emulsification was affected by increased moisture content.
The second area of interest concerned the mechanism of
self-emulsification. The process of emulsification might
be regarded as a progressive dilution of the material in
water. However it is unlikely that emulsification involves
all the phase changes exhibited in an equilibrium phase
diagram such as Figure 4.6. Therefore by studying the
efficiency of self-emulsification at different compositions
in the phase diagram one may discover which phases are
most likely to self-emulsify.
Figure 4.22 illustrates the changes in density and viscosity
as water was added to the model 70%M812/30%i?85 mixture.
The density increased steadily in a non-linear manner as
water was added. The steepest increase in density seemed
to occur at low concentrations of water suggesting that
initial formation of micelles in the presence of small
amounts of water produced profound changes in density of
the bulk mixture. The subsequent increase in density













!Iure 4.22 Effect of water content of mixtres on
densities and viscosities at 25 C
















did not seem to be affected by the phase change to
liquid crystal. In contrast the viscosity of the bulk
mixture was not affected by the presence of small
amounts of water but rose steeply as inicelles became
saturated with water. The steep rise in viscosity
between 2% and 5% water probably reflected increasing
packing order of micelles as their size increased. The
phase transition to liquid crystal and subsequently the
translucent 111LC+o+w mixtures resulted in a decrease in
viscosity.
The efficiencies of self-emulsification of mixtures
containing up to about 1O%''/w water are represented by
Figure Ll. .23 (emulsification times) and Table k.3.
(emulsion quality). Emulsification time lengthened
slightly as solubilized water in the 10 phase was
increased. Increasing viscosity of the 10 phase probably
explained the longer emulsification times although the
effect was small in comparison with the increase in
viscosity of the original oi]Jsurfactant mixtures. The
quality of emulsions formed by mixtures containing
o_s%w/w 11201 as expressed by the mean particle sizes and
polydispersity indices, was unaffected by variation in
water content. These results suggest that self-emulsification
would not be affected by small changes in moisture content
of raw materials as long as the 10 phase is maintained.
There was a steep lengthening of emulsification time
corresponding to the phase change to liquid crystal, when
mixtures of higher water contents were examined. However
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Figure k2
	
Effect of water concentration in original
mixtures on emulsification time
(70%1V1812/30%T 85 plus rater mixtures in
distilled water at 25 C).
0	 2	 3	 4	 5	 6	 7
% w/w water tn mixiure
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Table L	 Effect of water concentration in original
mixtures on quality of emulsions formed by
self-emulsification0
(7oM812/3o%T85 plus ater mixtures in
distilled water at 25 C)
Total water	 Phase charocferfsics Mean particle size





1.57	 clear, isotropic,Io	 265	 4	 2
	
2.55	 lo	 267	 4	 1
	
3.54	 lo	 266	 6	 1
	
4.52	 lo	 268	 5	 1
	
5.51	 lo	 270	 6	 1
	
6.49	
'IC	 271	 4	 2
	





o+w+i	 > °°°	 -
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formed by the 10 phase (see 6. 1..9% H20, Table 113.). Further
increase in water, Content resulted in formation of the
three phase II,^ mixtures which did not self-emulsify.
At 8.95% H20 dispersion was very poor; after ten minutes
agitation in the self-emulsification cell the dispersion
was far too coarse to be sized using the Nanosizer.
The above results suggest that emulsification took place,
most efficiently, from the 10 phase rather than by a
progressive dilution process through other phases.
However it is significant that the dispersion of the
liquid crystalline phase did not result in emulsions of
poorer quality (6. 11.9% H20 mixture). In view of this fact
the mechanism for self-emulsification may have involved
the formation of liquid crystal at the 011,/water interface.
When the oi]Jsurfactant mixture was introduced to the
water surface, solubilizatiori of water within inverse
micelles may have occured until the micelles were
saturated. Subsequently cylindrical micefles (inverse
hexagonal liquid crystal) may have formed locally at
the interface, radiating towards the centre of the
bulk oi]Jsurfactant mixture (i.e. perpendicular to the
oil-water interface). The cylindrical micelles may then
have provided a ro.it for ftrther penetration of water
through their hydrophilic cores causing large increases
in surface pressure and disruption of the oil-water
interface. By this means small emulsion droplets may have
been expelled from the surface continually as penetration
of water into the bulk mixture proceeded. Indeed,
inacroscopically, self-emulsification did appear to be
- 132 -
a process of erosion of small particles from the
surface of the bulk mixture (see section Lhl,3,1.). In
this context the longer emulsification time for dispersion
of the pure liquid crystalline material may be explained
by the fact that orientation of the cylinders in bulk
hexagonal liquid crystal would be random. The random
orientation may not have favoured such rapid penetration
of water although finally resulted in dispersions of
comparable quality.
-	 -
L. 1,3.k. Effect of Temperature on self-emulsification
An increase in temperature generally results in a
decrease in the surface tension of a liquid. This
phenomenon may be explained by considering that the
attractive forces between surface molecules and the bulk
liquid become less significant as the kinetic energies
of surface molecules increase with temperature180.
Similarly, for two immiscible liquids, interfacial tension
decreases with increasing temperature. In addition
the viscosities of liquids decrease with increasing
temperature. These factors result in easier emulsification
of one liquid in another as temperature is increased.
Raising the temperature may also aid emulsification when
surfactants are presentl8l, although such cases are more
complex because interfacial adsorption is also affected
by change in temperature. The effect of temperature on
emulsification in the presence of non-ionic surfactants
is particularly complex due to the sensitivity of the
water-polyoxyethylene interaction.
Self-emulsification properties of the model mixture were
examined at various temperatures. Control of temperature
was difficult at high temperatures because the current
self-emulsification cell was not 'water-jacketed'. However
by measurement of temperature prior to and immediately
after each experiment limits of + 1°C were achieved.
For routine work at various temperatures the self-
emulsification cell would require modification to
-134-
include a method of equilibrating the materials at
fixed temperatures.
Paxameters used to assess rate of emulsification (Table 1J.IJ)
did not change greatly over the range 9-38°C. Instead
they seemed to fluctuate slightly within a narrow range
(t50 values ranged from 6.1 to 7.1 seconds) without
suggesting any particular trends which could have been
related to temperature. However the values of Rel
changed significantly over the temperature range
(Table 4.4.) suggesting that the particle sizes of the
emulsions formed at different temperatures were
profoundly different. Indeed this was the case. The
mean particle size of resultant emulsions dropped steeply
as-the temperature increased from 10°C to 35°C
(Fig. 4.24). Above 40°C the mean particle size began to
rise. Above 50°C emulsions had still larger mean sizes
and also wide size ranges (as expressed by the
polydispersity index). At 50°C the polydispersity
index was 1. At 60°C the value had risen to 3 and at
70°C the value was 5. Emulsions formed at 70°C or above
were similar to those formed by Type A mixtures at 25°C.
Infact over the range of temperature studied the emul-
sification behaviour of the 70%M81.2/30%T85 mixture
transformed from Type C (<15°C) to Type B (20-50°C)
and finally to Type A (>60°C). Such behaviour correlates
with features of phase behaviour of the mixture and water
at equilibrium. (Figure 4.i4). During the studies of
phase behaviour water was added gradually to the
70%M812/30%T85 mixture, allowing equilibration between
- 135 -
Table L.•40	 Effect of temperature on rate of emulsification
70%JV1812/30%T8 .5 in distilled water.
TEMP.	 REL.	 t1% (seconds)	 D0	
1(°C ± 1°C)	 t0	 t50	 190	 (sec.% )
	
9	 38.9	 3.7	 6.6	 8.2	 10.3	 0.059
	
1.8	 0.2	 0.4	 0.4	 1.1	 0.008
	
14	 65.2	 3.3	 6.!	 7.5	 9.0	 0.054
	
3.9	 0.2	 0.3	 0.4	 0.5	 0.005
	19	 80.8	 3.8	 7.3	 9.3	 12.5	 0.071
	
2.1	 0.1	 0.4	 0.5	 0.9	 0.008
	
25	 81.7	 3.2	 6.5	 8.5	 11.3	 0.065
	
3.7	 0.4	 0.4	 0.8	 1.4	 0.009
	
29	 66.2	 3.3	 6.1	 7.5	 9.8	 0.056
	
2.5	 0.2	 0.3	 0.3	 0.7	 0.004
	
32	 56.8	 3.4	 7.0	 8.9	 10.9	 0.073
	
2.3	 0.2	 0.5	 0.9	 1.2	 0.013
	
38	 37.7	 3.2	 7.1	 9.3	 14.2	 0.078
	









Figure L1. .2L. Effect of temperature on mean particle size
of emulsions formed by self-emulsification
of 70%1V1812/30%T85 in distilled water.
0	 0	 20	 30	 40	 50	 60
Temperature ( °C )
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each addition. Below 15°C, after the 10 phase had become
saturated with water, lamel].ar liquid crystal began to
separate out forming the biphasic mixture
This was analogous to the behaviour of mixtures containing
>5 0%T85 at 25°C. The result in each case was Type C
emulsification behaviour. Type B beahviour was observed
when the temperature of the 70%M812/30%T85 mixture was
between 25° and L.O°C, close to the CST and when the
1W3 phase could form. The quality of the emulsions
improved as the temperature approached 1 O°C corresponding
to increased prorninance of the I 3 phase and the low
interfacial tensions close to the CST (the phase inversion
region). The minimum particle size occured just below the
CST and seemed to correspond with optimum conditions for
liquid crystal formation. Certainly at temperatures
above the CST emulsion quality began to deteriorate.
By reference to Figure 14.1 14. it can be seen that above
60°c the phase behaviour of the 70%M812/30%T85 mixture is
comparable to that of mixtures containing less than
15%T85 at 25°C (Fig. 14.16), which also exhibited Type A
behaviour. Indeed it would seem that the efficiency of
emulsification of M812/T85 mixtures can be predicted by
reference to the appropriate phase diagram. For example
one might predict that emulsification of the 50%M812/50%T85
would improve as temperature increased towards 60°C
(towards the CST; when the mixture would have Type B
character), but that quality would deteriorate above
80°C (above the CST; when the mixture would have Type
A character). The above suggestions were confirmed
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experimentally. Alternatively by referring to Figure 4.i6
one might predict that no improvement in self-emulsifi-
cation of the 85%M812/15%T85 mixture could be gained
by raising the temperature above 25°C (because its phase
behaviour at equilibrium corresponded to a Type A mixture
over the range 25-80°C). The latter prediction was also
confirmed experimentally.
Figure L. .25 shows t90y values for M812/T85/S85 mixtures
at 37°C. This temperature is of particular interest to
the current study, being body temperature. Figure 14.25
is interesting when compared to its relative at 25°C
(Figure 14.17). The two curves of M812/T85 mixtures are
of similar shape but there was a shift in the minimum
emulsification time at 370C towards higher T85 concentra-
tions. Furthermore, microscopical examination showed that
the emulsion formed by the 20%T85 mixture at 37°C was poorer
than that formed at 25°C. It appeared to have a lower
t90% but had a wide size distribution including some
free oil. In other words at 37°C the 20%T85 mixture had
Type A behaviour. Again, this change can be explained
by reference to phase behaviour at equilibrium
(Figure k.15). At 370C the 20%T85 mixture is above its
CST and exhibits phase behaviour typical of a Type A
inixture.By referring to the other phase diagrams
(Figures 14.12 -to k.i6) it can be anticipated that if
the temperature at which emulsification is to take place
is raised, then a higher proportion of T85 is required
to produce a Type B mixture. (i.e. to allow emulsification
- 139 -
Figure 4.	 Self-emulsification times of 1VI812T85/S8.5
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at or just below the region of phase inversion at the
CST). Thus the minimum t 1 at 37°C occurs at higher T85
content (Fig. 1.25) than the minimum t, at 25°C
(Fig. 1h17). Mixtures containing small amounts of S85
(using a T85/S 85 7s1 mixture) were also examined at
370C and plotted in Figure 11.25. Those mixtures featured
in Figure 11.25 represent the mixtures which formed emulsions
with Rel	 values over 25. The behaviour of the mixtures
containing S85 was similar to those using pure T85 as the
surfactant but the absence of the 20% mixture (i.e. the
Rel 1100 value was less than 25) indicates that emulsion
quality was poorer for the S85 mixtures (see section
11.13.2.). As discussed previously further increases
in S85 content resulted in poorer quality emulsions and
eventually Type A mixtures.
The changes in behaviour of non-ionic surfactant, oil
and water systems as temperature increases are thought to
be due to reduced hydration of the polyoxyethylene chains
which are present as the hydrophilic moiety of the
surfactarlth16 h h18123P 137h 159 .
 The cloud point of non-
ionic surfactants in aqueous solution is the most obvious
manifestation of this change in surfactant/water affinity.
The theory has been extended to explain phase inversion
phenomena and the regions of high oil and water solubili-
zation near to the phase inversion temperature (PIT).
The decrease in hydration of oxyethylene groups, as
temperature is increased, appears to be gradual. Whilst
the solubjljzatjon of water and oil for some surfactant
- 1 Ll1 -
systems increases greatly close to the PIT, changes in
emulsion properties may not be as dramatic, but may
take place gradually as temperature is raised. The
changes in efficiency of self-emulsification which have
been observed during the current study did seem to occur
gradually as the temperature was raised. The 70%M812/30% T85
mixture emulsified easily over the temperature range
25-40 0C. It was not necessary to emulsify at a precise
temperature. For such systems it seems more appropriate
to propose a range of temperature over which phase
inversion occurs, Similar observations have been reported
by Sherman and co-workers 133 as a result of their
studies on PIT using differential thermal analysis132'182.
However it is possible that the gradual changes observed
in the current study and in Sherman's studies (in which
industrial Tweens and Spans were used) are a result of the
diversity of surfactant molecules present in industrial
materials. Gibbons183 has used the term heterodisperse
to describe such materials. Other authors have commented
on the importance of molecular weight distribution of
non-ionic surfactants1. General behaviour can be
predicted for industrial materials but phase changes may
be less precise. For instance, for materials comprising
a wide variety of molecules the cloud point is usually
lowered but the solubilization region in the non-aqueous
phase raised103
 (when compared with a more pure material
of similar general structure). This may explain why the
phase inversion region is less distinct for emulsions
stabilized with 'Tweens' and 'Spans'.
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i.2. T} EFFECT OF OIL IDENTITY ON EMULSIFICATION
OF OIL/T85 IVIIXTURES IN DISTILLED WATER
After Griffin's historic papers introducing the RIB
concept 99-100 other researchers began to notice that
the identity of the oil phase was also important to the
nature of oil/surfactant/water mixtures. Ohba measured
"required RIB" values for various oils 185 and Shinoda
reported differences in the solubility of non-ionic
surfactants in hyd.rocarborisl86. Since then many authors
have described differences in emulsion properties or
phase behaviour as a result of variation in oil
identity120_12216187188. The importance of the oil
type is not surprising; this general term covers a wide
variety of materials.
An investigation of a Series of oils was of interest to
the current study for two main reasons. Firstly by
examining a series of related materials of different
density and viscosity an indication of the importance
of these properties to emulsification might be observed.
Secondly by relating the properties of other oils to
M812 one might be able to conclude which properties
particular to M812 aid self-emulsification.
The oils examined and their phase behaviour when mixed with
T85 are shown in Figure k.26. Only the two Miglyols
were partiallymiscible with T85. The three other C 8 oils
of different polarities mixed in all proportions with
the T85. The series of fatty acids varied extremely in
viscosity. All were miscible with T85 but the C10_C12
Figure .26
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Phase behaviour of oil/T85 mixtures at 25°C
(shaded areas represent diphasic mixtures)
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acids, which were solid at 25°C,forzned crystalline mixes
at high fatty acid concentrations. Glyceryl trioleate was
also miscible with T85 despite the likelihood that it
was less polar than the Miglyols. The miscibility of
glyceryl trioleate is probably explained by its low
moisture content.
The viscosities of N811.O/T85 mixtures were lower than those
of M812/T85 but deviated from ideal behaviour in a similar
fashion (Figure 11.27) suggesting that T8 .5 formed similar
micelles in both materials. Figure 11.28 shows the viscosi-
ties of the other oil/surfactant mixtures emphasising the
large differences at low T8 .5 concentrations. All the
oi],/surfactant mixtures showed deviation from ideal
behaviour but the shapes of the curves are different
suggesting that the nature of' 'micellization' probably
depended on the chemical nature of the oil. Octane mixtures
had very low viscosities and those of glyceryl trioleate
were particularly high. Densities of' the same mixtures
are plotted on Figure 11.29. The two Miglyols were the
most dense materials, The materials which were notable
for low density were octanol and, more particularly,
octane. The plots of density versus mixture composition
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Miglyol 8140 had emulsification properties closely
related to M8i2. The plots of t1% versus surfactant
concentration (Figure l. 3o) and mean particle size of
emulsions versus surfactant concentration (Figure 14..31)
are analogous to Figures 4.17 and L .18. Both plots have
minimum values and, as in the case of M812 mixtures,
the minimum particle size occured at a T85 concentration
approximately lo%w,/w lower than the minimum t1 . The
minimum values for t , were lower for the M8k0 mixturesI/o
than the M812 mixtures. Significantly the t o values were
lower, which may suggest that the differences were due
to the lower density and viscosity of M8 1 O. This seems
more likely in the light of the fact that the inininium
values for particle sizes of emulsions were similar for
both Miglyols. The changes in behaviour of M814.O/T85
mixtures as T85 concentration was increased again
represented a transition between Type A to Type D
mixtures. The difference between the two oils was that
the transitions occured at different T85 concentrations.
Infact the minima for t1 and mean particle size for
the M8L.O/T85 mixtures both occurred at T85 concentrations
ssw/w lower than corresponding minima for M812 mixtures.
This slight shift of the curves towards lower T85
concentrations was general. M840/T85 mixtures containing
less than 15%T85 were Type A (but the 15%T85 mixture
resulted in a better quality emulsion than the corresponding
8.5%M81 2/15%T85 mixture). The Type B region for M814.O
mixtures extended from 20-35%T85 and Type C from 40-60%












Figure )+.30	 Self-emulsification times of JVI8kOT85
mixtures in distilled water at 25 C.
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Figure 4,31 lYlean particle sizes of self-emulsified and
homogenised emulsions of M8 LI0/T85 mixtures
in distilled water at 25°C.
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respect to the equilibrium phase behaviour the difference
between the two Niglyols was that the M812 caused a
greater lowering of the CST at each particular concentra-
tion0 Consequently the optimum conditions for emulsifica-
tion occurred at a higher concentration of T85 for M812/
T85 mixtures. This suggests that the M812 was a s.lightly
more polar material than 18l1.0h17. The hornogenised emulsions
of M8110/T85 mixtures (Figure 11.31) had very similar
particle sizes to emulsions formed by homogenisation of
M812/T85 mixtures reaching a low plateau of about
l8Onzn above 30%T85.
Self-emulsification of other oil/T85 mixtures was
examined at 25°C selecting the following T85 concentrations;
1%, 5%, 10%, 20%, 30%, 11.0%, 50%, 60%, 8o%W/w. Emulsification
was very poor in every case examined. The value of Rel 1100
was less than 10 for each mixture examined and for
most was well below 5. The differences between various
oils will be discussed below but it is important to
stress that only Miglyol/T85 mixtures produced fine
emulsions by self-emulsification at 25°C.
The effects of viscosity and density on emulsification
of oi]JT85 mixtures are only likely to be significant
at low surfactant concentrations when considerable
energy is required to disperse the oi],/T8.5
 mixtures.
Self-emulsification of octane/T85 mixtures was very
poor despite their low viscosities and densities. It is
- 152 -
reasonable to suggest that the comparative efficiency
of Miglyo]JT85 mixtures was due to particular effects
of molecular interaction as exemplified by phase studies
and that when such conditions were met the effects of
viscosity and density of the mixtures were negligable.
The interesting question was whether or not the poor
self-emulsification of the alternative oi]Jsurfactant
mixtures could be explained by phase behaviour. With
this in mind a selection of phase studies was undertaken.
Figures 14.32 to 14.35 demonstrate the effect of four oils
on phase behaviour. 50%T85 in oil mixtures were compared
with the equivalent M8i.2 mixture (Figure 1 .12).
 
Octanoic
acid (Fig. 14.33) and Octanol (Fig. 14.34) phase diagrams
showed little change with temperature. In both cases
the extent of water solubilization in the 10 phase was
insensitive to temperature change in contrast to the
phase diagram of the M812 mixture. As water was added
to the saturated 10 phase of octanoic acid or octanol
mixtures phase separation occurred resulting in a
water-in-oil emulsion. This phase behaviour might be
explained by the more polar character of octanoic acid
and octano]. due to their aliphatic hydroxyl groups.
T85 was effectively a water-in-oil emulsifier for octano]./
water or octanoic acid/water mixtures, Or, in other words,
the CST was lowered to the extent that it did not appear
on the phase diagram. Lower T85 concentrations in
- 153 -
Figure )3	 Phase diagram of water and the mixture
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jgure • 314. Phase diagram of water and the mixture
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octanoic acid or octanol produced similar phase diagrams
with water, as was expected, Therefore poor emulsification
resulted for these two oils and also for all the other
fatty acids (C 6 - C 12 and oleic acids) due to their
comparative polar nature.
The two oils, octane and glyceryl trioleate, had more
interesting properties. The glyceryl trioleate mixture
(Figure	 3.5) had a large region of water solubilization
(Ia) which appeared to approach a critical temperature
higher than that of the M812 mixture. This, again, is
in agreement with Shinoda's work being indicative of the
more non-polar nature of the trioleate (due to its
longer hydrocarbon chains). When the 10 phase of the
glyceryl trioleate mixture was saturated with water a
liquid crystalline phase began to form if more
water was added. This behaviour was similar to that of
M812 mixtures containing high concentrations of T85
when the latter mixtures were diluted with water. For
M812 mixtures the above phase behaviour was typical of
Type C mixtures. Indeed similar emulsions resulted from
the glyceryl trioleate mixtures. Infact the glyceryl
trioleate mixtures produced better quality emulsions
than any oils other than the Miglyols. One might have
expected that by decreasing the T85 concentration one
could produce conditions for efficient self-emulsification,
i.e. produce Type B mixtures. However, this did not
occur with glyceryl trioleate as shown by the particle
- 156 -
size data (Table L..5) 0 Emulsions were polydisperse with
mean particle sizes between 1 and 2pm. Mixtures
containing less than lOT85 produced coarse emulsions
with some free oil.
The 50%T85 in octane mixture also showed an 10 region
which was sensitive to temperature and the critical
temperature was below that of the 50%M812/50%T85
mixture (Figure .32). Again, this oil seemed to have
some of the properties of phase behaviour characteristic
of the M812 mixtures. However despite the fact that the
CST was similar for octane/T85 mixtures and Type B
M812/T85 mixtures the emulsification of 50%T85 in Octane
was very poor. The notable di,fference between the
octane and M812 phase diagrams is the absence of liquid
crystal on the octane phase diagram. Traces of liquid
crystal were observed for octane mixtures at lower
temperatures and there was a corresponding increase
in emulsion quality (although the quality was still poor)
at temperatures under 10°C. This observation suggests
that formation of liquid crystal was important for
self-emulsification of octane and Miglyol mixtures.
It would be interesting to investigate the effect-of
carbon chain length for a series of triglycerides
on phase behaviour and self-emulsification. Unfortunately
the series would be difficult to prepare in sufficient
quantities. Such a study may isolate the crucial
- 157 -
Table Li.5.	 Quality of emulsions formed by self-emulsification




%w/w ______ ________ ________ P.1.
Glyceryl
	
T85	 troleaie	 Mean	 S.D.
	
10	 90	 >3000	 -	 -
	
20	 80	 2863	 57	 9
	
30	 70	 1369	 273	 9
	
40	 60	 1905	 531	 9
	
50	 50	 1539	 532	 9
	
60	 40	 1367	 48	 9
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properties of self-emulsifying mixtures.
If sufficient energy was available for emulsification
it was possible to form fine emulsions with all the
oils discussed above as shown by the particle sizes of
homogenised emulsions of fatty acid/T85 mixtures
(Table Li. .6). Although examination of Table L .6 indicates
that larger particle sizes resulted as the polarity of




	 Quality of homogenised emulsions of carboxylic
aci/T85 mitures prepared in distilled
water at 25 C.
(determined 214 hours after preparation)
Carbon	 MIXTURE	 Mean
	





90	 10	 177	 4
80	 20	 138	 4
70	 30	 132	 3
	
C8
	60	 40	 136	 4
50	 50	 145	 2
40	 60	 147	 2
20	 80	 138	 5
70	 30	 185	 7
C6
50	 50	 161	 7
70	 30	 149	 4
C7
50	 50	 191	 7
70	 30	 187	 2
C9
50	 50	 147	 4
	C10	 50	 50	 137	 2
	




Two other Tween products derived from oleate esters
of sorbitan were examined in order to compare their
properties with T85.
Figure 4.36 represents phase behaviour o± the industrial
materials with a series of oils. The more non-polar
materials, octane, glyceryl trioleate and the Miglyols
showed diphasic regions with both T81 and T80.
The oil/T81 mixtures were not capable of solubilizing
as much water as corresponding oi]JT85 mixtures. This
may have been due to differences in the abilities of the
surfactants to form micelles. As expected the emulsjfica-
tion of the polar oils by T81 was very poor and therefore
T81 was of no further interest for the particular oils
being used.
The diphasic mixtures formed by T80/oil mixtures were not
surprising because T80 is considerably more hydrophilic
than T85 (}tLB-15.O, c.f. T85 HLB - 11.0). The extent
of water solubilization tends to be lower for lipid
solutions of more hydrophilic surfactants and, the PITs
of oi1,/water/hydrophilic surfactant systems are higher120' 124•
At ambient temperatures, when non-aqueous micelles of
T80 in M812 were saturated with water, M812/T80/water
mixtures Separated into a phase rich in water and









Figure 4.36 Phase behaviouof oil/T81 and oi]JT80
mixtures at 25 C,
(shaded areas represent diphasic mixtures)
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Figure Z.37 shows the regions of phase separation (xi)
and. cosolvency (I) for Miglyol/T80/S85 mixtures at 25°C.
The self-emulsification of mixtures within regions of
cosolvency was investigated.
The phase diagram of water and POE-(20)-S-mono-oleate
(the surfactant present in T80) was typical of a non-
ionic surfactant with an HLB greater than 13112.189
(Fig. ).
.38). There was a large single phase region;
between 300 and 80°C the surfactant arid water were
miscible in all proportions forming clear isotropic
mixtures. Above 80°C the surfactant separated from
solution depending on the mixture composition. This
was the cloud point of the surfactant (when micelle
formation, and hence solubility, is no longer
thermodynamically favourable due to decreased hydration
of the oxyethylene moiety of the surfactant). There was
a small region of semi-solid liquid crystalline mixtures
at temperatures lower than 20°C and a transitionary
11wLC region between the liquid crystal arid inicellar
regions. By comparing Figure 14.38 with the equivalent
phase diagram for T85 (Figure l. .8) it can be seen that
the additional oleate chains present in T85 make the
materials very different in character. A phase diagram
(0-80°c) of water versus 50%M8j.2/50%T80 was completely
diphasic but for a very narrow band of cosolvency (Ia)
close to the oi],/surfactant axis. The PITs of' emulsions
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Despite the large differences in phase behaviour between
T80/lVliglyol mixtures and corresponding T85 mixtures,
some self-emulsification of T80/Niglyol mixtures was
observed, Figure k.39 represents the self-emulsification
of M814.O/T80 mixtures. Close to the phase boundary
emulsification did not occur efficiently but as the
T80 concentration increased the mean particle size of
resultant emulsions decreased steadily. At the same time
the emulsification times, t 1 , lengthened. The values
of t1% were far longer than for corresponding T85 mixtures
and continued to rise as surfactant concentration was
increased above 50% although the standard deviations
were large. Self-emulsification of M812/T80 mixtures was
directly analogous (Figure 1. . l O) to that of M8 )40 mixtures.
The influence of S85 on M8k0/T80 mixtures was also
examined. Figure L . ,ki shows that there was little difference
in emulsification rate but that as the S85 concentration
increased there was a rise in mean particle size. S85
did not aid dispersion.
It is likely that the self-emulsification of T80 mixtures
was facilitated by diffusion of the T80 molecules across
the oil/water interface due to ±ts high affinity for the
excess aqueous phase. Emulsification of the oil would
then have taken place either by way of mechanical
disruption of the interface caused by strong diffusion of








Figure k.39 Self-emulsjfication of' M0/T80 mixtures
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Figure 4,io
	 Self-emulsification of 1V1812/T80 mixtures
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Figure k.i	 Self-emulsification of' some IV18ko/8O/S85
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(see section 2.2.) Emulsification due to surfactant
diffusion would also explain why the process was compara-
tively slow and why with increasing T80 concentration the
emulsions became progressively finer as the systems
became more solubilized. Mixtures containing greater than
80%T80 were extremely slowly emulsifying but eventually
lead to fine emulsions just as 100%T80 eventually dissolved
to form a micellar solution. Using this theory the effect
of S85 (Figure 4.41) could be explained by envisaging
that the S85 acted as an oil. Thus, the effect was
similar to a decrease in T80 concentration; the particle
size increased. The fact that the t values did notI/o
fall with inclusion of S85 might be explained by the
greater affinity of S85 (with respect to Miglyols)
for T80, resulting in a slower diffusion rate.
- 170 -
THE EFFECT OF CONTINUOUS PHASE COMPOSITION ON
SELF-EMULSIFICATION OF M812/T85/S85 MIXTURES
Diolved substances in the aqueous continuous phase may
have profound effects on surfactants and their eznulgent
properties. The gastric contents may contain a wide
variety of dissolved substances and therefore it was
necessary to consider how self-emulsifying mixtures
given by mouth might be affected by the gut environment.
Some materials may enhance emulsification or emulsion
stability. These are generally materials which could
loosely be described as co-solvents; long chain alcohols
typify this group. These are not present in normal gastric
contents although bile salts may have similar properties.
The emphasis of this section is on electrolytes, which
will certainly be present in the stomach but unfortunately
tend to have deleterious effects on the integrity of
emulsions.
The well-documented effects of electrolytes on ionic
surfactant systems may be dramatic. Micellization is
generally enhanced due to decreased repulsion of polar
head groups (see, for instance, ref. 162 chapters 1 and 2)
and stability of emulsions is lowered due to modification
of electrostatic repulsion between particles (see ref. 190).
Electrolyte effects on non-ionic emulsion systems are
generally regarded as being less dramatic although they
certainly do occur. The stability of non-ionic systems is
often retained in the presence of' electrolytes because
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the stability of such systems is not reliant on
electrostatic repulsion between particles19192.
However there are many reports in the literature concerning
lowering of cloud points for aqueous surfactant solutions
in the presence of. electrolytes 19 ' 193200 . The relative
effects of each ionic species are somewhat confused,
not least because the effects have been compared in
different ways; by way of %W/, inolarity and ionic
strengths of solutions. Generalising, most electrolytes
depressed cloud point over the range 0.1-1'.O Molar and
higher valency anions such as sodium silicate or
carbonate had greater effects than sodium or calcium
chloride. The electrolyte effects on non-ionic surfactants
may be due to collapse of the polyoxyethylene coil
conformation108.
The experiments concerned with electrolyte effects on
self-emulsification fall into two sections. Firstly,
the effect of a series of electrolytes (HC1, NaC1, CaC12,
NaOH and sodium polyphosphate) on the emulsification of
the model mixture (70%M812/3 0%T85). Secondly, an
examination of the effects of HC1 (which was of particular
interest due to its presence in gastric secretions)
on a series of M812/T85/S85 mixtures. The self-emulsi-
fication of these mixtures in distilled water has been
discussed in section 1.1.1.3.2.
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Table i4.7 shows the effects of various concentrations
of hydrochloric acid on self-emulsification of the model
mixture. Concentrations of less than 1OM HC1 had
little or no effect on emulsification rate or quality
of the resultant dispersion. As HC1 concentration
increased to 10 3M emulsification times lengthened
sharply (t90 values increased five-fold) and there was
a corresponding deterioration in emulsion quality.
Between 10 3M and 10' 1M the emulsification times did not
change as significantly but showed a broad peak followed
by a gradual decrease for HC1 concentrations above 102M.
Particle size data obtained using the Nanosizer shows
that emulsions became coarser up to 10 2M HC1 and then
appeared to become finer between i0 2 and 10 1M HC1.
Microscopical examination of the emulsions revealed
that the size range widened as HC1 concentration increased;
conspicuously between iO 2 and 10 1M HC1. Emulsions
formed in 10 1M HC1 were widely dispersed with some
very large particles. In other terms, in 10 1M 1-IC1
the mixture had Type A behaviour. One might say that
the transition from Type B to Type A occurred at
approximately 1O 2M HC1. After this transition had
taken place the use of the Nanosizer became inappropriate
for evaluation of emulsion quality. Mean particle sizes
were lowered but standard deviations and polydispersity
indices rose. In addition the use of emulsification times
as a comparison between emulsification rates became
misleading.
- 173 -
Table L.7.	 Self-emulsification of 7O%1VI812/3O%T5
in hydrochloric acid solution at 25 C
( mean and. standard deviation of five replicates )
	Molar	 Mean
	
HCI	 REL.	 t1% (seconds)	 D	 parflcle
	
COflCfl•	 t0	 t50	 t75	 t90	 (%_1) 'ze (nm)
	
dTsflhled	 81.7	 3.2	 6.5	 8.5	 11.3	 0.065	 264
	
water	 3.7	 0.3	 0.4	 0.8	 1.4	 0.009	 3
	
10	 85.0	 3.3	 6.6	 8.3	 11•1	 0.063	 266
	
2.1	 0.2	 0.5	 1.0	 3.3	 0.012	 4
	
2x10 4	81.8	 4.0	 8.4	 11.6	 20.1	 0.088	 270
	
1.8	 0.2	 0.3	 1.0	 1.8	 0.006	 7
	
4x10 4	77.8	 4.0	 10.9	 18.6	 30.3	 0.138	 -
	
3.4	 0.2	 0.8	 1.7	 3,7	 0.016
	
5x10	 75.8	 3.9	 14.1	 24.6	 40.0	 0.204	 22
	
3.3	 0.4	 1.5	 3.4	 5.4	 0.028	 6
	
io	 82.6	 5.2	 20.0	 33.6	 58.8	 0.296	 312
	
2.2	 0.2	 1.2	 3.8	 6.4	 0.027	 6
	
5x10 3	87.3	 4.5	 23.8	 37.8	 55.5	 0.387	 360
	
2.1	 0.0	 0.6	 1.0	 1.9	 0.012	 8
	
io_2	 96.8	 4.5	 21.2	 33.9	 53.2	 0.334	 397
	
2.5	 0.9	 2.2	 3.2	 5.6	 0.043	 7
	
5x10 2	87.4	 4.7	 22.1	 34.8	 51.2	 0.348	 356
	
3,5	 0.4	 1.5	 26	 3.2	 0.032	 17
	
iol	 85.0	 4.8	 18.9	 27.6	 42.3	 0.283	 343
	
0.3	 0.4	 1.0	 1.3	 2.6	 0.026	 16
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The phase behaviour of the model mixture and 10 1M HC1
(Figure 1.l4.2) was certainly different from the correspon-
ding phase behaviour in distilled water (Figure k.114.).
There was no obvious change in the critical solubilization
temperature. (Other authors have described lowering of
the critical temperatures, cloud point and PIT, but
large changes were only observed at higher ion
concentrations). However the liquid crystal formation
in the current study appeared to be supressed in the
presence of 10 1M HC1. Birefringence was weak in all
of the regions in which liquid crystals formed in
corresponding distilled water systems. In many mixtures
containing 10 1M HC1 no liquid crystal was detected.
The regions of liquid crystal formation were vague and
are shown contained within the dotted lines drawn in
Figure Ll. . L 2. It seems that in 10 1M HC1 the initial
penetration by the aqueous phase at 25°C resulted in
formation of two phases; typical phase behaviour for
Type A mixtures (See section k.i).
The effects of all the other ionic species on self-
emulsification were similar to the effects of HC1.
All resulted in slower self-emulsification, coarser
emulsions and transition to Type A behaviour at high
concentrations of electrolytes. The relative potenclés
for the simple-materials were HC1 >NaOH> CaC1 2
 > NaC1
if compared by Molar concentration. (Calgon had a
greater effect than HO]. if an average molecule was
considered to be that described in Chapter 3).
- 1?5 -
Figure LI. .42 Phase diagram of 10 1M HC1 and the mixture
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The relative effects of HC1, CaC12
 and NaC1 are indicated
by Figure Ll.,14.3, In all cases the changes in
corresponded to changes in particle size. It can be
seen from the diagram that the transition to Type A
behaviour for the mixture in CaC1 2 and NaC1 solutions did
not take place until electrolyte concentration was above
1OM. Type A behaviour was obvious in molar electrolyte
solutions.
The effect of HC1 on self-emulsification was not
particular to the 70%M812/30%T85 mixture. A series of
M812/T85/S85 mixtures behaved in a similar fashion.
Plates 15,16 and 17 are photomicrographs of emulsions
formed by the mixture 70%M812/25%T85/5%S 85 in distilled
water, 10 3M HC1 and 1OM HC1 respectively. Comparing
Plates 15 and 16 it can be seen that in the presence of
10 3M HC1 there was a large increase in the number of
particles which were resolved by light microscopy. This
indicates the higher mean particle size of the emulsion
formed in 10 3M HC1. The emulsion formed in 1OM HC1
(Plate 17) included some very large particles typical of
Type A emulsification. For mixtures containing S85 the
detrimental effects of S85 on self-emulsification were
additional to the effects caused by the presence of HC1.
Therefore the t
	 values increased as HC1 concentration5 Oio
increased and also as S85 concentration in the mixture
increased, as long as behaviour remained Type B (Table
Lf.8.). Corresponding changes of particle sizes of resultant
emulsions were observed, again, up to the point before
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Plates 15-17 The effect of hydrochloric acid dissolved
within the aqueous phase
on quality of emulsions formed by self-
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between Type B and Type A behaviour could be detected by
reference to photomicrographs of the emulsions and
this transition is indicated by the dotted lines on each
Table. Behaviour to the top-left of the dotted lines was
Type B. In contrast behaviour to the botton-right of each
line was Type A. Table L.9 shows clearly that Type A
mixtures had higher standard deviations of particle size
and higher polydispersity indices, both indications of'
poor emulsion quality. Graphical presentation of the
data plotted against hydrochloric acid concentration
(Figure 1 t. . li.k) or against mixture composition (Figure k.k5)
show that trends in both measurements were general for
Type B emulsification. After the transition to Type A
behaviour values of t, were short and the particle size
data became misleading. It was interesting to note that
whilst there was little difference in t .. for mixtures5 Oio
with added S85 when emulsified in distilled water
(Figure l . Ji4), the additional presence of HC1 resulted
in expression of higher t50 values. The self-emulsifica-
tion of' mixtures in which S85 had been included in place
of part of the M812 (also tabulated in Tables 11.8 and 11.9)
was considerably worse than that of' mixtures inwhich S85
had replaced some T85. The position f the Type B to
Type A transition boundaries show that in the former case
far less S85 could be tolerated. This emphasises the
importance of the nature of the oil and its concentration
for self-emulsification.
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Table Li. .8 Emulsification -times (tSO% values) of M812/
T 85/S 85 mixtures in hydrochloric acid
solutions at 25°C0
MIXTURE	 MEAN	 VALUES AND S.D. (SECONDS)
COMPOSITION
, /	 Molar hydrochloric acid concenfrafjon
	
5x	 5x
M812 T85 585	 10 4M 10	 10	 10	 10	 io_2	 10_i
70	 30	 -	 6.6	 8.4	 14.1	 20,0	 23.8	 21.2	 18.9
	
0.5	 0.3	 1.4	 1.2	 0.6	 2.2	 1.0
70	 27.5	 2.5	 6.9	 8.7	 14.5	 25.4	 32.2	 33.7 I 23.9
	
0.4	 0.8	 1.6	 2.2	 1.4	 3.0	 3.5
70	 25	 5	 7.0	 9.0	 14.4	 30.5	 43.6 I 47.1	 25.5
	
0.5	 0.6	 0.9	 2.7	 5.8	 3.5	 2.0
70	 22.5	 7.5	 7.5	 9.0	 13.3	 30.9	 41.4	 34.8	 26.6
	
0.5	 0.7	 1.0	 2.4	 3.5	 5.9	 2.4
--
70	 20	 10	 5.2	 6.4	 9.4	 33.5	 -	 19.8	 14.2
	
0.3	 0.2	 0.5	 3.4	 -	 2.1	 1.0
67.5 30	 2.5	 6.9	 8.4	 14.8	 23.5	 -	 43.8 1 23.0
	0 4	 0.4	 0.9	 2.7	 -	 2.9	 2.3
r
65	 30	 5	 6.8	 9.0	 14.1	 56.0	 -	 78	 39
	
0.4	 0.5 I 2.1	 7.9	 -	 6	 2
62.5 30	 7.5	 6.0	 7.1	 14.5	 29.0	 -	 53	 19
	
0.4	 0.3	 2.4	 2.0	 -	 12	 2
60	 30	 10	 6.3	 6.8	 15.5	 -	 -	 17	 27
	
0.3	 0.7	 1.2	 -	 -	 1	 2
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Table L9 Quality of emulsions formed by self-emulsification
of 1V1812/T85/S 85 mixtures in hydrochloric acid
solutions at 25°C
MIXTURE	 MEAN PARTICLE SIZE (nm), S.D. AND P.!.
COMPOSITION Molar hydrochloric acid concentration/ow/w
distu ed	
_	 3	 2
M812 T85	 S85	 water	 10	 10	 10	 10
mean	 264	 270	 312	 397	 343
70	 30	 -	 s.d.	 3	 7	 6	 7 1 16
P.1.	 1	 1	 3	 3	 1	 3
mean	 274	 285	 311	 411 i 370
70	 27.5	 2.5 s.d.	 5	 5	 2	 11	 14
P.1.	 2	 3	 3	 4	 5
mean	 316	 327	 388	 441	 429
70	 25	 5	 sd.	 2	 8	 6 i	 10	 13
P.1.	 3	 3	 4	 5	 4
mean	 346	 391	 412 I 469	 424
70	 22.5	 75 s.d.	 4	 4	 14	 13	 4
P.!.	 3	 4	 4	 i	 6	 5
-
mean	 322	 389	 386	 333	 289
70	 20	 10	 s.d.	 4	 26	 17	 6	 5
P.1.	 5	 5	 5	 3	 5
mean 277	 305	 337	 410	 352
67.5 30	 2.5 s.d.	 8	 9	 7	 10	 5
P.!.	 2	 3	 4	 5	 5
--
mean 293	 307	 297	 349	 320
65	 30	 5	 s.d.	 8	 13	 I	 11	 2	 6
P.1.	 4	 4	 5	 4	 4
- _____._._J
mean 289	 289	 330	 329	 315
62.5 30	 7.5 s.d.	 7	 7	 5	 9	 3
P.1.	 4	 4	 5	 5	 5
mean 290	 291	 320	 329	 322
60	 30	 10	 s.d.	 11	 8	 16	 31	 25













Figure Li..LM. 	 Self-emulsifation of some M812/T85/S85
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The particle sizes of homogenised emulsions df the model
mixture were not affected until HC1 concentration was
higher than 10 2M. Even in 1O HC1 the particle size was
only slightly raised (Table k.iO). Similarly there was
little variation in particle size of homogenised dispersions
of T85 in HC1 solutions. Although, on visual inspection
the T85 dispersions differed in turbidity. By measuring
relative turbidity (as described in Chapter 3) it was
possible to compare the affinities of T85 for various
electrolyte solutions. Table k.ii lists relative slopes
of intensity of light scattering versus concentration of
T85. A linear relationship held over the concentration
range (iO 3 to lO '1%"/w T85) for each electrolyte concen-
tration. The marked change in relative turbidity occurred
between 1OM and 1O 3M HC1 which corresponded to the
char in emulsification properties above 1OM HC1. This
suggests that the effects of ionic species on self-
emulsification were due to a change in T85/H20 interaction
which is manifest in the phase diagrams (Figure L..lI.2).
The turbidity of T85 dispersions was also raised by the
other electrolytes as shown in Table 1..11.
The current study shows that emulgent properties of
non-ionic surfactants are adversely affected by low
concentrations of electrolytes as well as the higher
concentrations investigated previously119 ' 193-200
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Table LI1O Effect of hydrochloric acid concentration
on particle size of homogenised emulsions
of 70%M812/30%T85 at 25°C.
MOLAR	 PARTICLE SIZE
HYDROCHLORIC	 (nm)	 P.1.
ACiD CONCN. Mean	 S.D.
dsflh!ed water	 189	 1	 2
lci3M	 187	 4	 3
10 2M	 189	 5	 3
1OM	 200	 3	 3
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Table 4.11 Light scattering of bomogenised T85 dispersions
(of the range 1O to 1O' %W/w )
in the presence of ions.
	Motor concentraflon	 Linear regression analysis
and identity of	 Ret (I - I) versus T85 concn.
ionic species	 .Reuative	 correiation
slope	 coefflcient
distilled water	 4.8	 0.9998
	
10M HCI	 5.0	 0.9999
	
2x104M HCI	 8.1	 0.9996
	
5x10M HCI	 13.0	 0.9994
	
10 3M HCI	 13.8	 09969
	
10 2M HCI	 14.0	 0.9997
	HCI	 15.0	 0.9995
10M NoCI	 14.0	 0.9997
10MCaCl2	16.2	 0.9988
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11.5. THE EFFECT OF BENZOIC ACID DISSOLVED WITHIN M812
The self-emulsification of M812/T85/benzoic acid mixtures
was examined primarily because such a mixture was to be
used as a biological model. In addition, there was a
general interest in how dissolved drugs might affect
self-emulsification. Infact, the effects of dissolved
benzoic acid were more interesting than had been
anticipated.
Various concentrations of benzoic acid in the model
mixture were studied, Data is represented graphically
in Figures 4k6 and 11, 11.7. At low concentrations of
benzoic acid (below 0.2%) t50 became longer and particle
size increased for self-emulsification in distilled water.
Above 02% benzoic acid the trend reversed and as
concentration of benzoic acid was increased above 1% the
emulsification became more efficient than that of 0%
benzoic acid mixtures. Particle size was lowest at
approximately 2% benzoic acid. Further increase in
benzoic acid concentration towards saturation resulted
in higher particle sizes, although these were still
much lower than that of 'the 0% benzoic acid mixture.
The t50 between 2% arid 7.5% benzoic acid shortened
steadily although these changes were not as great as
the changes in particle size,
- 188 -
Figure L,.Li.6	 Effect of solubilized benzoic acid on
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Figure k.47 Effect of solubilized benzoic acid on mean
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Crucially, the deleterious effects of HC1 on self-einulsi-
fication were overcome by the presence of benzoic acid.
The t50%s and particle sizes for mixtures with benzoic
acid concentrations greater than i%"/w were unaffected by
HC1 concentrations up to 10 1M. Therefore benzoic acid
would aid emulsification in the gastric contents.
A 5% benzojc acid mixture was to be used for the biologi-
cal study. Therefore the properties of this mixture were
examined in more detail. The phase behaviour of the 
.5%
benzojc acid mixture and water (Figure 11. . 148) explained the
occurence of efficient self-emulsification. The CST was
lowered to about 30°C and the 10 region was larger than
that in Figure Li. .1 Li. . The liquid crystalline region
1IJ3' which seemed to be an important indicator of
efficient self-emulsification, was large. The translucent,
phase inversion region (III++) contained large
quantities of birefringent material and extented to high
water contents. Thus, emulsification of the 5% benzoic
acid mixture at 25°C was optitnised by the low interfacial
tensions close to the CST and, possibly, by the readily-
formed liquid crystalline phase.
The nature of the I phase was similar to that for 0%
benzoic mixtures although larger quantities of water could
be solubilized by the 
.5% benzoic acid mixture at 25°C.
Solubilized water had similar effects on density and




Figure 1i..k8 Phase diagram of'
5% benzoic acid
70%M812.
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non-linearly with increasing water content and the
viscosities increased to approximately the same maximum
as that of 0% benzoic acid mixtures before the phase
transition to liquid crystal (Figure LLI9), Emulsification
time was not affected by moisture content until the phase
transition (Table i .12) and whilst dispersion of the
phase was slower (16.27% H20) the result was an emulsion
of comparable quality (Table LI. .13). This behaviour was
analogous to the behaviour of 0% benzoic acid mixtures
(section l..i.3.3). Quality of resultant emulsion was
not lost until the mixture to be self-emulsified became
type (Table L1..13).
Clearly the chemical nature and concentration of a drug
solubilized within a self-emulsifying mixture may affect
the efficiency of self-emulsification. The governing factors
are, one would suspect, concerned with the interaction
of the dissolved substance with the surfactant. Perhaps
a small quantity of drug dissolved in the oil without
significant interaction with the surfactant molecules
would not affect emulsification. In the case of benzoic
acid saturated solution in the 70%M812/30%T85 mixture
was 50% more concentrated.than saturated solution in M812.
This indicates that the benzoic acid did interact with the
T85 micelles. Other authors have reported work on
solubilization of benzoates by non-ionic surfactarits20202.
The work of Mukerjee 202 suggests that benzoic acid is
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Figure 4.49 Effect of water concentration on viscosities
and densities of emulsifiable mixtres in











Table 1h12 Effect of water content (of original mixtures)
on emulsification rate of mixtures containing
benzoic acid.(s,IW/w benzoic acid in 70%M812/30%T85) plus
water mixtures in distilled water at 25°C.
TOTAL WATER
	 MEAN	 VALUES AND S.D.(seconds)	 DCONTENT OF	 0-50
MiXTURE %w/w	 0	 90	 (sec.%)
	
1.49	 3.6	 6.1	 7.4	 8.7	 0.049
	
0.2	 0.2	 0.2	 0.2	 0.003
	
3.46	 3.2	 5.6	 6.9	 8.0	 0.049
	
0.2	 0.2	 0.3	 0.6	 0.006
	
6.42	 3.7	 6.1	 7.4	 8.5	 0.049
	
0.3	 0.2	 0.2	 0.3	 0.005
	
8.88	 3.9	 6.3	 7.6	 8.6	 0.049
	
0.2	 0.2	 0.2	 0.3	 0.005
	
11.34	 3.9	 6.5	 7.9	 9.7	 0.052
	
0.3	 0.2	 0.2	 0.3	 0.002
	
16.27	 4.1	 8.2	 11.7	 17.8	 0.082
	
0.2	 0.6	 0.8	 1.1	 0.009
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Table 11. .13 Effect of water content (of original mixture)
on quality of' emulsions formed by self-
emulsification of' mixtures containing benzoic
acid
(5% /w benzoic acid in 7OM812/O%T85) plus
water mixtures in distilled water at 25°C.
TOTAL WATER	 Phase	 PARTICLE SIZE
CONTENT OF characteristics	 (nm)
MIXTURE %w/w of mixture at
25 C	 Mean	 S.D.
	
1.49	 lo	 203	 4	 1
	
2.48	 lo	 201	 4	 1
	
3.46	 lo	 202	 4	 1
	
4.45	 lo	 202	 4	 1
	
5.43	 lo	 204	 3	 1
	
6.42	 lo	 203	 4
	
8.88	 lo	 203	 4	 1
	
11.34	 lo	 206	 2	 2
	
16.27	
'IC	 206	 4	 2
	




aqueous non-ionic micelles. Its distribution depends
on its concentration. This may explain why low concentra-
tion of benzoic acid in the oil/surfactant mixture
retarded dispersion and resulted in poorer emulsions.
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4.6. Ti-is IMPORTANCE OF CONDITIONS DURING EMULSIFICATION
TO SUBSEQUENT EMULSION QUALITY
The stability of emulsions formed by self-emulsification
was not of direct interest to the current study. However
it was interesting to note that most emulsions were
highly inetastable. One must bear in mind though that
they were dilute emulsions and these would be more
stable than concentrated emulsions due to the lower
frequency of particle collisions.
An estimate of the stability of emulsions was obtained
by measurement of particle size after various storage
times. Table 4.i4 shows that there was little change in
the particle sizes of self-emulsified or homogenised
M8 11.O/T85 systems over a two day period. The fact that
there were no obvious changes in the self-emulsified
systems suggests that self-emulsification was not a
continuing process. Once equilibrium had been reached,
which was always within five minutes for the systems
tablulated, the quality of emulsions did not improve after
storage. There was little change even for high concentra-
tions of T85. Molecular diffusion of surfactant was not
significant due to the poor water solubility of T85. In
contrast T80/oil systems did change slowly, due to
molecular diffusion, when large proportions of T80 were
present.
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Table l4. .1 l	 Effect of storage on quality of emulsions
formed by self-emulsification and homogenisation
of M8i40/T85 mixtures in distilled water at 25°C.
MIXTURE	 MEAN PARTICLE SIZE (nm), S.D. AND Pt.
COMPOS I TI ON
%w/w	 SeIf-emuIs?fed	 Homogensed
systems	 systems
M840	 185	 t 1 hr	 t = 2 days t 1 hr	 1 = 2 days
mean	 211	 235	 278	 284
85	 15	 s.d.	 12	 6	 13	 7
P.1.	 5	 3	 4	 4
mean	 283	 285	 226	 225
80	 20	 s.d.	 16	 5	 1	 1
P.1.	 2	 2	 3	 2
mean	 276	 274	 211	 212
75	 25	 s.d.	 5	 10	 4	 2
P1.	 2	 2	 2	 2
mean	 307	 294	 180	 181
70	 30	 s.d.	 7	 6	 2	 1
P.1.	 3	 1	 3	 3
mean	 339	 322	 173	 171
65	 35	 s.d.	 12	 11	 2	 5
P.1.	 4	 4	 2	 3
mean	 393	 351	 191	 189
60	 40	 s.d.	 25	 47	 10	 4
P.1.	 7	 6	 2	 3
mean	 498	 462	 187	 186
55	 45	 s.d.	 38	 24	 6	 3
P.1.	 8	 8	 3	 3
mean	 691	 588	 189	 184
50	 50	 s.d.	 123	 74	 7	 4
P.1.	 9	 9	 3	 3
mean	 683	 691	 181	 180
40	 60	 s.d.	 121	 94	 5	 2
P1.	 9	 9	 4	 4
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The environmental conditions during emulsification were
of vital importance to self-emulsified systems. Once an
emulsion had been formed and stabilised the temperature
could be varied without greatly changing emulsion quality.
Table L. .15 illustrates this point. As discussed previously
(in section	 the temperature of emulsification
for the model mixture had critical effects on emulsion
quality. However, once formed at a particular temperature,
the emulsions could all be stored at one temperature, 25°C,
without significant change in the mean particle sizes.
These results confirm the usefulness of the 'emulsification-
by-PIT' method which has been discussed by Shinodahi8203
and Friberg128 . Friberg has found that emulsification is
efficient at or just below the PIT. However it seems that
the emulsification is very dependant on the presence of
'surfactant phase' which may emulsify spontaneously. The
current study seems to support this view. Other authors
have reported no advantage in emulsification at the PIT
for certain systems129.
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Table L. !i Effect of storage at 25°C on quality of
emulsions formed by self-emulsification o±
7O%I812/3O%T85 at various temperatures
(in distilled water).
Emulsifi- Emulsion
	 Particle size of emulsions after storage
	
cation	 quality t lhr	 at 25°C (nm)




	 S.D. mean S.D.
	
10	 368	 4	 3	 375	 3	 378	 9	 376 5
	
15	 365	 4	 2	 364	 5	 368	 4	 366 6
	
20	 307	 4	 1	 315	 2	 310	 2	 317	 1
	
25	 269	 3	 1	 -	 -	 275	 0	 -	 -
	
30	 230	 2	 1	 239	 4	 232	 4	 231	 2
	
35	 208	 9	 0	 217	 4	 214	 2	 214	 2
	
40	 213	 5	 1	 221	 1	 221	 4	 224	 4
	
50	 250	 6	 2	 251	 4	 245	 2	 257 6
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L7. BIOLOGICAL ABSORPTION OF BENZOIC ACID FROM
ORMtJLATIONS ADMINISTERED ORALLY
Excretion of unxnetabolised benzoic acid was not detected
in any of the assays of urine contents following
administration of 250mg benzoic acid0 This was expected
(see section 1.11). Normal excretion of hippuric acid
was reasonably low providing that subjects complied with
the dietary restrictions described in Chapter 3. Moreover
the normal excretion of hippuric acid was quite constant.
This enabled subtraction of the hippuric acid due to normal
metabolism from the total, leaving the hippuric acid due
to benzoic acid administration. The subtraction was
performed graphically by calculating the mean rates of
appearance of hippuric acid between samples (Figure 11.51).
Subsequently the cumulative appearance of hippuric acid
by weight due to benzoic acid administration was calculated.
Excretion rates of hippuric acid could not be determined
from the data due to the presence of hippuric acid from
normal metabolism. Therefore it was not possible to
calculate absorption rates of benzoic acid from the data.
However initial parts of the curves are representative
of the absorption process since excretion was rapid as
reported by other authors (see i.k).
Cumulative appearance of hippuric acid (as wt. benzoic
acid) is tabulated for each experiment, grouped as the
various formulations (Table .16 to .20). The mean
cumulative weights of hippuric acid excreted were
calculated for each sample time. It appeared that the
self-emulsifying formulation was excreted (and therefore
absorbed) more quickly and consistently than the other
- 202 -
formulations. However this difference was not statistically
significant as shown by Table L .21 Table 4.21 lists the
times taken for excretion of the equivalent of 125mg
benzoic acid (ET50 ) as a representative parameter from
each curve. An analysis of variance was performed on the
data for the three formulations administered to all six
subjects. The ANOVA table shows that all the curves are
likely to belong to the same population.
In summary, no significant differences between formulations
were indicated by the available data. A larger number of
subjects would have been desirable and may have demonstrated
significant differences, although the absorption of
benzoic acid was rapid for each formulation.
It is likely that absorption of benzoic acid would not






















- 203 -FIgure L50 Typical experimental plot of appearance of
hippuric acid in urine following oral














Tables 4.16-420 Cumulative appearance of hippuric acid
in urine resulting from oral administration
of benzoic acid in various formulations.
Table 4.16 Formulation 1
powdered drug
250mg crystalline benzoic acid
SAMPLE CUMULATIVE WEIGHT HIPPURIC ACID	 MEAN
	




A	 B	 C	 D	 E	 F	 (mg)
	
15	 0	 0	 1	 3	 0	 0	 1	 1
	
30	 13	 44	 25	 98	 61	 30	 45	 28
	
45	 51	 90	 64	 174	 149	 91	 103	 44
	
60	 75	 126	 106	 205	 180	 143	 139	 44
	
90	 108	 177	 158	 219	 209	 187	 176	 37
	
120	 133	 206	 183	 230	 225	 208	 198	 33
	
150	 158	 224 196 236	 234 225	 212	 28
	
180	 201	 235 209 240	 240 235	 227	 16
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Table LI. dl Formulation 2
non-emlsifying oil solution
5g (5 /w benzoic acid solution in M812)
	SAMPLE	 CUMULATIVE WEIGHT HIPPURIC ACID 	 MEAN
	
TIME	 EXCRETED (as mg benzoic ocd) 	 CUM.	 S.D.
	
(mns.)	 WT.
A	 B	 C	 D	 E	 F	 (mg)
	
15	 1	 0	 0	 8	 2	 1	 2	 3
	
30	 lI	 48	 64	 137	 30	 35	 54	 40
	
45	 36	 125	 135	 203	 101	 86	 114	 51
	
60	 67	 172	 173	 233	 153	 133	 155	 50
	
90	 147	 214	 208	 255	 208	 184	 203	 33
	
120	 192	 229	 222	 262	 237	 207	 225	 22
	
150	 211	 236	 235	 261	 248	 220	 235	 17
	
180	 223	 239	 241	 259	 250	 230	 240	 12
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able 4.18 Formulation 3
self-eulsifying formulation
5g (5 /w benzoic acid in 70%M812/30%T85)
	
SAMPLE	 CUMULATIVE WEIGHT FIIPPURIC ACID 	 MEAN
	




A	 B	 C	 D	 E	 F	 (mg)
	15	 6	 0	 1	 4	 2	 4	 3	 2
	
30	 80	 73	 73	 90	 25	 63	 67	 21
	
45	 157	 144	 166	 157	 74	 124	 137	 31
	
60	 204	 188	 196	 194	 153	 163	 183	 19
	
90	 240	 218	 224	 223	 211	 196	 219	 13
	
120	 251	 222	 232	 232	 226	 210	 229	 12
	
150	 254	 223	 232	 237	 233	 221	 233	 11
	
180	 254	 227	 233 241	 239	 232	 238	 9
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Table 4.19 Formulation Li.
poorly emulsifying formulation
5g (5%w/w benzoic acid in T8.5)
SAMPLE CUMULATIVE WEIGHT HIPPURIC ACID MEAN
TIME	 EXCRETED (as mg




D	 E	 F	 (mg)
	
15	 4	 0	 0	 1	 2
	
30	 80	 47	 20	 49	 25
	
45	 142	 105	 57	 101	 35
	
60	 182	 149	 94	 142	 36
	
90	 221	 194	 167	 194	 22
	
120	 231	 210	 206	 216	 11
	
150	 238	 213	 222	 220	 12
	
180	 245	 213	 231	 230	 13
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Table L1.20	 Formulation 
.5
250mg benzoic acid + 5g (70%1V1812/30%T85)
SAMPLE CUMULATJVE WEIGHT HIPPURIC ACID MEAN
	
TIME	 EXCRETED (as mg	 benzoic acid)	 CUM.	 S.D.
(mns.)	 WT.
	
D	 E	 F	 (mg)
	
15	 0	 0	 0	 0
	
30	 36	 14	 9	 20	 12
	
45	 91	 67	 39	 66	 21
	
60	 129	 121	 75	 108	 24
	
90	 190	 192	 124	 169	 32
	
120	 229	 212	 163	 201	 28
	
150	 245	 219	 188	 217	 23
	
180	 250	 224	 210	 228	 17
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Table L1. .21 Analysis of variance of ET 0 for three
formulation groups using six subjects.
(ET 0 = time for elimination oI' .50% of the
-'	 benzoic acid administered by the
oral route)




(crystalline) (oil solution) (emulsifying)
A	 109	 81	 38
B	 60	 45	 40
C	 69	 42	 38
D	 34	 28	 37
E	 40	 51	 55
F	 55	 56	 45
One-tailed ANOVA
Null hypothesis	 Ho : variance between formulations is equal
to variance within formulations
Alternative hypothesis H 1
 : variance between formulations is eater
than variance within formulations
sum of squares	 degrees of	 'mean square'
(SS)	 freedom	 (MS)
between formulations 	 1088
	
2
within formulations 	 5383	
J	
15
Variance ratio (MSb /MS )










The emulsification of oi]/non-ionic surfactant mixtures
in excess aqueous phases has been studied under conditions
of low agitation. An instrument was constructed which
controlled the conditions of agitation and compared the
rates of emulsification. The instrument was sensitive to
differences in emulsification rate between closely
related oi]Jsurfactant mixtures. However the emulsification
rates were of limited importance when mixtures with wide
ranges of emulsification properties were compared. In the
latter case it was more useful to compare the efficiencies
of emulsification in terms of the particle sizes of
resulting emulsions. The Coulter Nanosizer assessed
mean particle size rapidly and was a non-invasive technique.
However its use was limited to sizing of dispersions of
very small particles within a narrow size range. When
self-emulsification was very poor the particle size was
large and the size range wide. Such emulsions could be
characterised by microscopical methods although a
qualitative estimate was sufficient for the current
study. Indeed a subjective assessment of self-emulsi-
fication, such as the C.I.P.A.C. method described in
Chapter 1, was sufficient to reveal regions of 'good'
emulsification. The objective methods were useful to
examine these regions in more detail. Generally, within
regions of 'good' emulsification, it was desirable to
obtain information regarding both emulsification rate
and particle size rather than depending on one property.
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IVJiglyol 812/Tween 85 (JV1812/T85) mixtures of various
compositions were classed as one of four Types (A-D)
depending on their ability to self-emulsify in distilled
water at 25°C, Type B mixtures, which contained between
25% and L.O%"/wT85, self-emulsified rapidly to produce fine
dispersions. The lowest mean particle size detected was
produced by one of these mixtures containing 30%T85.
Type A (O-1.5%T85) and Type C (115-60%T85) mixtures
emulsified poorly although each Type had different properties.
Type D mixtures (70-100%T85) did not self-emulsify.
Viscosity and density of the original oi]Jsurfactant
mixtures were shown not to affect self-emulsification.
In contrast the ease of emulsification correlated closely
with particular features of the phase behaviour of
oiVsurfactant/water mixtures at equilibrium. Efficient
self-emulsification for each M812/T85 mixtuze occurred at
or just below a temperature at which enhanced water
solubiliza-tion was detected by studies of phase behaviour
at equilibrium. This temperature, the critical solubili-
zation temperature (CST), was related to the phase
inversion temperature (PIT) for M812/water/T85 emulsions.
Generally the CST was raised by increasing the proportion
of T85. The CST of the 70%M812/3O%T85 mixture with water
was about 11.5°C. Thus the latter mixture emulsified
efficiently at ambient temperatures. Type A mixtures
(O-15%T85) had CSTs below 25°C and emulsified poorly at
25°C. The CSTs of Type C mixtures (li.5%-60%T85) were higher
-213-
than 50°C and these mixtures emulsified slowly at 25°C
to form coarse emulsions.
The efficiency of self-emulsification at or just below the
CST was demonstrated by studying the effect of temperature
on emulsification of the 7OM812/30%T85 mixture.
Self-emulsification became more efficient as the temperature
was raised towards the CST. Optimum efficiency occurred at
35_L.0°C. When the temperature was raised above the CST
poor emulsions resulted.
The efficiency of self-emulsification at temperatures at
or below the CST may be explained by extremely low
interfacial tensions which occur in the region of phase
inversion. However phase studies of M812/T85/water
mixtures at equilibrium suggested that particular molecular
interactions may have been equally important. Liquid
crystalline phases were detected close to the critical
solubilizatiori region for Type B mixtures. These were
thought to be 'inverse hexagonal' liquid crystals and
may have been crucial to the self-emulsification of M812/
T85 mixtures. A study of the effect of water added to the
original 70%M812/30%T8.5 mixture on subsequent self-emulsi-
fication showed that emulsification properties were
unaffected by up to .5%'/w water solubilized in the oilJ
surfactant mixture. At 6.1.9% water the mixture formed
the liquid crystalline phase described above. The latter
phase resulted in fine emulsions but further addition of
water to the original mixture subsequently resulted in
-21k-
poor emulsification. Therefore emulsification may have
taken place by initial solubilization of water in the
oil/surfactant phase forming cylinders of liquid crystal
locally at the interface. These cylindrical micelles
may have allowed penetration of water through their
hydrophilic cores resulting in extensive interfacial
disruption.
The presence of electrolytes in the aqueous phase tended
to reduce the efficiency of self-emulsification.
Concentrations of HC1, NaC1 and CaC12
 below 1OMolar
had no detectable effects on emulsification but as the
concentration of electrolyte was increased to 10 3M the
emulsification times became longer and mean particle sizes
were enlarged. Further increase in electrolyte concentration
to 10 1M resulted in poor emulsions with wide size ranges.
The effect of HC1 was generally stronger than that of
the salts. Examination of phase behaviour of 1V1812/T85/
10 1M HC1 mixtures showed that, whilst the CST remained
constant, the formation of liquid crystalline phases was
suppressed by the presence of the electrolyte. This was
probably due to an effect on the spacial arrangement of
the oxyethylene chains of the surfactant. Moreover it
was further evidence that the formation of the liquid
crystalline phase may have been necessary to achieve
self-emulsification.
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The inclusion of benzoic acid (l_s%w,/w) in the original
70 M8 1 2/30%T 85 mixture improved the efficiency of emulsi-
fication at 25°C. Phase studies showed that	 CST had
been lowered by the presence of benzoic acid to approxima-
tely 30°C. In addition the regions of water solubilization
and liquid crystal close to the CST were enlarged. Thus
emulsification at 25°C was enhanced. This enhancement was
great enough to overcome the deleterious effects of 101M
}!Cl disolved in the aqueous phase. Therefore the presence
of 52 benzoic acid would have aided dispersion in the
stomach contents. It was clear from the studies described
above that the effects of dissolved substances on emulsi-
fication of oi]Jsurfac-tant mixtures may be important arid
that the effects may be predicted by studies of phase
behaviour at equilibrium.
The nature of the oil component was as important to self-
emulsification as the nature of the surfactant material.
Polar oils such as octanol or fatty acids did not form
self-emulsifying mixtures with T85 at ambient temperatures.
Polar oi]JT85 mixtures tended to form water-in-oil
emulsions. They were comparable to M812/T85 mixtures
containing less than ls%W/wn8s. Studies of phase behaviour
of polar oi]JT85/water mixtures at equilibrium corresponded
to poor emulsification properties. Mixtures of octane/T85
and glyceryl trioleate/T85 were also poorly emulsifying.
The properties of these mixtures were interesting because
certain octane/T85 arid glyceryl trioleate/T85 mixtures had
critical solubilization regions at ambient temperatures.
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However even those mixtures with oil/T85/water CSTs
close to 25°C were poorly emulsifying at 25°C. Inspection
of the phase behaviour showed that no liquid crystalline
phases were formed close to the critical solubilization
region for octane/T85/water mixtures at equilibrium.
Glyceryl trioleate/T85/water mixtures formed some liquid
crystalline material but this was of the lamellar type;
comparable to that formed by M812/T85 mixtures containing
more thatn 50%T85 at 25°C. These results further indicated
the significance of the liquid crystals formed by Type B
M812/T85 mixtures. Examination of the microstructure of
the latter liquid crystalline phase is an important
object for further study.
During a study of alternative surfactant materials it
was found that M812/T80 mixtures self-emulsified slowly
when the concentration of T80 was greater than so%w/w.
The particle size of self-emulsified M812/T80 mixtures
decreased as the proportion of T80 in the original
mixture increased. These properties were explained by the
hydrophilic nature of T80. The self-emulsification of M812/
T80 mixtures was thought to be due to diffusion of T80
into the aqueous phase. Indeed the pure surfactant
dissolved slowly in water to form a micellar solution.
Addition of S85, a lipophilic surfactant, did not aid
(but generally hindered) the emulsification of M812/T85
mixtures. Therefore the assumption that the use of
'mixed surfactants' per se should enhance self-emulsification
is incorrect.
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In summary the current study indicated that self-emulsifying
oll/surfactant mixtures could be formulated by reference
to studies of phase behaviour at equilibrium. Efficient
emulsification was achieved by adjusting formulations
such thatz
1. Progressive addition of water to the oil/surfactant
mixture (I phase) close to the critical
solubilization region resulted in solubilization
of water until the 10 phase was saturated
followed immediately by a transition to a single
liquid crystalline phase.
2. The CST of the oil/surfactant/water mixture was
a little above the temperature at which emulsi-.
fication was to take place.
The temperature during the initial emulsification process
was crucial to the quality of the final emulsion. Once
self-emulsification had taken place the particle size of
the emulsion was comparatively unaffected by heating or
cooling -the final emulsion.
Estimation of biological absorption rates after oral
administration of benzoic acid did not detect statisti-
cally significant differences between absorption of benzoic acid
from various formulations. Benzoic acid was absorbed
quickly and, largely, completely from all formulations
which may suggest that absorption of 'well-absorbed' drugs
would not be affected by formulation in a self-emulsifying
vehicle. However the scale of the current study was not
large enough to reach a firm conclusion. An extension of
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the study using additional subjects would be interesting.
Future biological work should also include a study of the





DESCRIPTION OF THE APPARATUS USED FOR COMPARISON OF
RATE OF SELF-EMULSIFICATION
Figure A,1.1 - A.1. LI represent the construction of the
apparatus used for preparation of self-emulsified systems.
A glass cell sat within a nephelometric device mounted
in a wooden housing. The housing was raised by means of
a laboratory jack to meet a glass paddle and micrometer
syringe which were held by clamps to a metal frame. The
frame, in turn, was bolted into a wooden base which also
held the laboratory jack in a fixed position.
Incident light was provided by a 5 .5W projector lamp via
a flexible fibroptic light guide which was able to move
with the nephelometer housing. The glass paddle was
rotated at constant speed (+ 1%) by an electric motor
(Citenco KQPS,22) stabilised at low speed using a
thyristor-controlled variable resistance (Trager Ltd.).
Emulsifiable material was injected by volume into excess
aqueous phase (lSnil) using an Agla micrometer syringe
(Weflcome Res. Ltd.) fitted with disposable needles
(Sabre size 25G x 15/16", Gillette Surgical Ltd.).
Figure A.1.2 represents the nephelometer and cell in
vertical cross-section. Scattered light was gathered
by fibroptic light guides mounted in the nephelometer
block as shown in Figure A.1.2 (and in horizontal cross-
section in Figure A.1.3). The intensity of light was
ide
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Figure A,101 Construction of the apparatus used for
self-emulsification and comparison of
emulsification rate.



























measured using a pair of phototransistors amplified by
the circuit represented schematically by Figure A.1.!.
The output from the amplifier was plotted against time
using a chart recorder.
The value of intensity of scattering for a dispersed
system CD8 ), first described by Rayleigh2, depends on
a wide variety of factors; particle number per unit
volume (N), particle size (expressed as volume -v), the
wavelength of incident light (X), the refractive indices
of the two materials (n0 , n1 ) and the angle of measurement (0).
D8 = 9.7r2 .N.v2 S	 '12	
2)
2.d2 5X'	 C n12+ 2n02)
( 1 + cos 2 0
 ). D	
.....(A.1)
The nephelometer currently described gathers scattered
light from many angles and represents the value for a
sum of several angles of measurement. However for any
set of measurements using the same instrument, similar
conditions and materials many of the terms in the above




S S I S S S S S S S • (A .2)
where j is a 'machine constant'.
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It was of interest to test the properties of the nepheloineter
using a series of polystyrene latices of narrow size range.
If Rayleigh's equation held then one would expect a plot
of	 oN against v2 to be linear. Infact Rayleigh's
work predicts that ideality would only occur if the
particles were significantly smaller than the wavelength
of the incident light (radius< X/20). Therefore over
the range 0.1 to 1 im latex diameter one would expect
non-ideal behaviour. FigureA.1.5 shows a plot of relative
0D8/ ON against v2 . Unexpectedly the plot fits equation
A.2 up to latex diameters of about 0.6 m. Similar behaviour
has been reported for light scattering of latices in a
laser beam3 . The curve deviates from linearity as particle
diameter approaches 100 uin when each particle began to
act as a multiple scattering centre. In TableA.1.1 the
slope ODs is also included. This represents the slope
oc
of the plot of relative D 5
 versus %W/w concentration.
This parameter indicates the significance of particle
size if a fixed quantity of material could emulsify to
various precise particle sizes. FigureA.1.6 shows that
emulsions formed with mean sizes between o.k and 0.8 m
would be expected to scatter light strongly. Low intensi-
ties o scattering would be characteristic of very fine
and coarse emulsions. The particle sizes which scatter
light strongly depend on the wavelength of the incident
light. For a given concentration of dispersed phase,
by weight, strong light scattering was typical of







Figure A.1.5 Slope Ds/ oN versus latex volume2 (v2)
-6	 -5	 -4	 -3	 -2	 -1	 0
log	 2 - (microns3)2
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Table A,1,1 Relative light scattering of polystyrene
latex dispersions.
Particle	 Partide2	 Slope	 Slope
diameter	 vo iwie	 •
	
re;ohve	 reictive
(micron)	 2	 .	 correlation
(microns)	 x 1 0	 coefficient
	
0.18	 9	 1.4	 4.27	 0.9982
	
0.24	 52	 4.8	 6.25	 0.9990
	
0.36	 597	 20.0	 7.98	 0.9984
	
0.46	 2597	 54.3	 10.16	 0.9992
	
0.60	 12790	 177.7	 14.96	 0.9997
	
0.80	 71870	 335.2	 11.94	 0.9997
	
1.09	 459800	 492.7	 6.92	 0.9999
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The light scattering properties of polydisperse emulsion
systems are therefore complicated by the wide range of
particle sizes present. Differences in intensity of
scattered light can not be attributed to any particular
property of each emulsion. However for each emulsion the
intensity of scattering was proportional to emulsion
concentration over the working range. The volume of emulsi-
fiable material injected into the cell was generally 1Ot].
At higher concentration a plot of intensity against concen-
tration began to deviate from linearity (Figure A.1.7)
The mixing efficiency of the paddle was tested using a
preformed emulsion (Intralipid 20% - Kabi Vitrum Ltd.).
At rotor speeds greater or equal to 100 rpm, homogeneity
was achieved within four seconds, timed from the point of
emulsion injection. These conditions were considered
satisfactory.
The sensitivity of' the scattering intensity measurement
was adjusted to suit efficient self-emulsifying mixtures
(5Omv full-scale deflection). Using this amplification,
relative intensities (RelI100ValUeS - see Fig. 3.1) for
efficiently emulsifying mictures were in the region
50-100 units. The size of ioo was an indication of the
state of dispersions poor emulsions had Rel I100 Values
of less than 20.
0 2	 4	 6 8	 10	 20
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Figure A.1,1 Effect of injection volume on Rel










Inlection volume (microlitres in 15m1)
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Macroscopically, self-emulsification appeared to occur
by erosion of fine droplets from the bulk material.
It was not surprising therefore that the Intensity versus
time curves had a similar appearance to dissolution
curves (Fig. 3.1). Simple mathematical models have been
used to describe dissolution curves 2O5 206 (although
indeed their value has been questioned207 ). It was tempting
to use such a model to express self-emulsification curves.
However as ti-e value of Rel I was not a direct measure of
the number of particles present or their particle sizes,
mathematical use of the value Rel I was considered
inappropriate and rate of self-emulsification was
compared using t1% values (see Chapter 3).
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APPENDIX TWO
DEVELOPMENT OF AN ASSAY METHOD FOR BIOPHARMACEUTICAL EXPERIMENTS
Several assay -techniques for determination of benzoic
and hippuric acids in urine have been described by
previous authors. Quick 3 and Hirsheimer	 used
gravimetric methods; Amsel and Levy 16 a photometric
technique after extraction of the urine with organic
solvents. Wu and El1iotI5 extracted the urine using an
ion-exchange resin and then used a similar photometric
technique. In 1973 Langenbeck and Seeginiller208
reviewed assay methods for hippuric acid and concluded
after an exhaustive study that the preferred technique
utilised gas-liquid chromatography (G.L.C.) after
extraction using the method of Daigleish et a1209.
Derivitisation was necessary for resolution by G.L.C.
All the assay techniques described above are laborious
and involve urine extraction and/or chemical reaction
prior to determination. For these reasons it was
decided to attempt to develop an assay of the urine
using high-performance liquid chromatography (H.PL.C.)
which would be rapid in comparison with established
methods and possibly more precise.
A non-polar material consisting of long chain (C18)
aliphatic groups siloxane bonded onto silaceous support
particles of mean size 10 jm (Partisil PXS-ODS) was
selected as the stationary phase. Materials partition
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between this non-polar phase and a moving phase. Such
stationary phases are designed for use with polar
eluents such as methanol and water. Materials were
detected using a Cecil CE212 ultraviolet spectrophotometer.
The absorption maxima for hippuric and benzoic acids
were coincident at a wavelength of 230nm. Absorption was
sufficient to allow the use of wavelengths up to 25Onm.
Separation of benzoic and hippuric acids was not achieved
using mixtures of water and methanol as the moving phase.
On addition of acetic acid to the eluent separation was
achieved. Table A.2.1 represents the effect of eluent
composition on retention of hippuric and benzoic acids.




Sample capacity factor, k'
	 tr - to
-to
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Table A.2.1 Effect of moving phase composition on
retention of hippuric and benzoic acids
stationary phase Partisil PXS 25 ODS
MOVING PHASE	 SAMPLE CAPACITY COMMENTS ON
COMPOSITION	 FACTOR (I?)	 RESOLUTION
%v/v
Aceflc Hippurk Benzoic
Methanol	 Water	 acid	 odd	 acid
10	 90	 -	 0.17	 0.17	 peaks coincident
50	 50	 -	 0.08	 0.17	 peaks overlapped
80	 20	 -	 0.00	 0.08	 peaks overlapped
considerably
10	 87.5	 2.5	 1 .25	 2.83	 peaks resolved
25	 72.5	 2.5	 0.67	 1.83	 peaks resolved
40	 57.5	 2.5	 0.50	 1.30	 peaks just
resolved
50	 47.5	 2.5	 0.42	 0.5	 peaks overlapped
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An internal standard was required with which to compare
test peaks. A series of benzoates were screened for this
purpose. The benzoates were all eluted more rapidly as
methanol concentration in the moving phase was increased.
Inclusion of acetic acid in the moving phase had more
complex effects but generally helped to reduce tailing
as well as controlling resolution. Table A.2.2 compares
sample capacities for the series of benzoates using
methanol/water/acetic acid (LO/57•5/2.5) as the eluent.
Subsequently an analysis of urinary hippuric acid was
attempted using ani.sic acid as an internal standard.
The method was unsatisfactory for direct urine analysis
using the above eluent because the ultraviolet absorption
of other urinary constituents interfered with the hippuric
acid peak. The extraction method of Daigleish et a1209
'cleaned' the urine sufficiently for analysis but was
undesirable. It was decided that time would be wisely
spent developing a direct urine assay.
Hippuric acid was separated from other urinary constituents
by reducing the methanol and acetic acid contents of
the eluent. This resulted in longer retention times for all
benzoates. Having resolved hippuric acid from other
urinary compounds the internal standard required
reconsideration. Anisic acid was retained on the column
too long and 'tailed' badly. This problem was solved
by selecting p-OH benzoic acid as an alternative standard.
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Table A.2.2 Retention study of a series of
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p-OH benzoic acid eluted between hippuric and benzoic
acids and was resolved from the hippuric acid peak by
a further modification of the eluent composition.
Table A.2.3 describes the effect of eluent composition
on the resolution of hippuric, p-OH benzoic and benzoic
acids. The optimum eluent was methanol/water/acetic acid
( 1 0/89.95/0 . 25). The significant reduction in acetic
acid content had the advantage of allowing the use of
spectrophotoineter wavelengths below 2 140nm. Therefore
the absorption maximum of 230nm was used.
Table 11.2. 1 1. represents the calibration of the assay in
distilled water. Table A.2.5 lists the results of
'spiking' experiments in a sample of normal urine.
The assay was very precise. Standard deviations between
replicate injections were less (often considerably less)
than 2% of the means. Determination of the two compounds
in urine suggested that the assay was sufficiently
precise as to require only one determination for each
urine sample assayed.
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b1e A.2.3 Effect of moving phase composition on
retention of hippuric, p-OH benzoic and
benzoic acids0
Stationary phase Partisil PXS 25 ODS
MOVING PHASE
	 SAMPLE CAPACITY	 COMMENTS ON




methanol	 water	 acid	 acid benz acid	 acid
	
10	 87.5	 2.5	 1.60	 2.20	 4.60	 hipp./p-OH-benz
overlap
	
5	 92.5	 2.5	 2.00	 2.88	 4.80	 hipp./p-OH-benz.
overlap
	
10	 85	 5	 1.36	 1.52	 3.56	 hipp./p-OH-benz.
overlap
	





10	 89.5	 0.5	 2.20	 2.80	 5.00	 hipp./p-OH-benz.
overlap slightly
	





Table A.2. 11. Calibration of assay for hippuric and
benzoic acids in water using p-OH benzoic
acid as a standard0
Stationary phase i Partisil PXS 25 ODS
moving phase methanol/water/acetic acid
(1O:89.75:O25)
CONCEN1RATION OF
	 PEAK HEIGHT RATIO
MATERIAL IN INJECTION	 (mean and standard deviati on)
(milml)
hippuric	 p-OH-benz.	 benzoic	 hippuric/	 benzoic/
acid	 ocd	 acId	 p-OH-benz. p-OH-benz.
	








0.1	 0.3	 0.1	 0.624	 0.554
	
0.001	 0.003












Concentration (x - axis) versus mean peak height ratio (y - axis).
hippuric acid	 benzoic acid
slope	 6.113	 5.459
correlation coefficient	 0.9999	 0.9998
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Table A.2,3 Assay for hippuric and benzoic acids in
urine ('spiked urine' test).
Concentration of hippuric acid in 'blank' urine sample
= 0.0435 mg/mi.
CONCEN1RATION OF
	 HIPPURIC ACID	 BENZOIC ACID
DRUG ADDED TO URINE 	 concn. determd.	 determd.
(mg / ml )
	
concn.	 minus	 value as concn.	 value as
hppuric p-OH-benz benz. detected blank
	
% of detected % of
acid	 acid	 acid	 ( milml ) ( milml ) 'spike' (m/ml) spike'
0.05	 0.3	 0.05	 0.0930	 0.0495 99.0	 0.0498 99.6
0.075	 0.3	 0.075	 0.1175	 0.0740	 98.7	 0.0748	 99.8
0.1	 0.3	 0.1	 0.1414	 0.0979	 97.8	 0.0992	 99.2
0.15	 0.3	 0.15	 0.1897	 0.1462	 97.5	 0.1476	 98.4
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